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Abstract

The history of human harvests of seals, whales, fish and krill in the Antarctic is summarised
briefly, and the central role played by krill emphasised. The background to the hypothesis
of a krill surplus in the mid-20th century is described, and the information on population
and trend levels that has become available since the postulate was first advanced is
discussed. The objective of the study is to determine whether predator—prey interactions
alone can broadly explain observed population trends without the need for recourse to
environmental change hypotheses. Amodel is developed including krill, four baleen whale
(blue, fin, humpback and minke) and two seal (Antarctic fur and crabeater) species. The
model commences in 1780 (the onset of fur seal harvests) and distinguishes the Atlantic/
Indian and Pacific Ocean sectors of the Southern Ocean in view of the much larger past
harvests in the former. A reference case and six sensitivities are fitted to available data on
predator abundances and trends, and the plausibility of the results and the assumptions on
which they are based is discussed, together with suggested further areas for investigation.
Amongst the key inferences of the study are that: (i) species interaction effects alone can
explain observed predator abundance trends, though not without some difficulty; (ii) it
is necessary to consider other species, in addition to baleen whales and krill, to explain
observed trends — crabeater seals seemingly play an important role and constitute a
particular priority for improved abundance and trend information; (iii) the Atlantic/
Indian Ocean sector shows major changes in species abundances, in contrast to the Pacific
Ocean sector, which is much more stable; (iv) baleen whales have to be able to achieve
relatively high growth rates to explain observed trends; and (v) Laws’ (1977) estimate of
some 150 million tonnes for the krill surplus may be appreciably too high as a result of his
calculations omitting consideration of density-dependent effects in feeding rates.

Résumé

Les auteurs font un bref résumé de I'histoire de I'exploitation par ’homme des phoques,
des cétacés, des poissons et du krill en Antarctique et mettent I’accent sur le role pivot du
krill. Tls décrivent le contexte de I’hypothése d"un surplus de krill au milieu du 20e siécle
et discutent des nouvelles informations sur 'effectif des populations et leurs tendances
qui ont été présentées depuis les premieres discussions de cette question. L’objectif de
cette étude est de déterminer si, a elles seules, les interactions prédateurs—proies peuvent
expliquer les tendances des populations observées sans que 1’on ait besoin d’avoir recours
aux hypothéses de changements environnementaux. Un modéle a été créé, portant sur les
especesdekrill, de quatrebaleines mysticetes (labaleinebleue, lerorqual commun, labaleine
a bosse et le petit rorqual) et de deux phocidés (I'otarie et le phoque crabier). Le modele
commence en 1780 (début de la chasse au phoque) et distingue le secteur Atlantique /Indien
du secteur Pacifique del’océan Austral, pour tenir compte de 1’exploitation nettement plus
importante dans ce premier secteur par le passé. Un cas de référence et six sensibilités
sont adaptés aux données disponibles sur I’abondance des prédateurs et ses tendances ;
la plausibilité des résultats et des hypotheses sur lesquelles ils reposent font I’'objet d"une
discussion dans laquelle il est suggéré de poursuivre I’étude dans d’autres secteurs. Parmi
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les inférences clés de I’étude, on note que : i) les effets de I'interaction des especes peuvent
suffire a expliquer les tendances observées, mais cela pourrait s’avérer difficile ; ii) il est
nécessaire de prendre d’autres espéces en considération, outre les baleines mysticétes et
le krill, pour expliquer les tendances observées — les phoques crabiers semblent jouer un
role important et leur étude constitue une priorité pour obtenir de meilleures informations
sur I'abondance et les tendances ; iii) le secteur de 'océan Atlantique/Indien présente des
variations importantes d’abondance des espéces, alors que le secteur de I'océan Pacifique
est nettement plus stable ; iv) les baleines mysticetes doivent pouvoir atteindre des taux de
croissance relativement élevés pour expliquer les tendances observées ; et v) I'estimation
de Laws (1977) évaluant le surplus de krill & quelque 150 millions de tonnes risque d’étre
considérablement trop élevée du fait que ses calculs ne tenaient pas compte des effets
dépendant de la densité dans les taux d’alimentation.

Pesrome

Kpatko m3iaraercss UCTOpHS BEJICHUS YEIOBEKOM MPOMBICIIA TIOJNEHEW, KUTOB, PHIObI 1
KpHiIsi B AHTApKTUKE M TOMYEPKHUBACTCS LEHTPaJbHAS POJIb, KOTOPYIO WIPAET KPHIIb.
OnuChIBaIOTCS NPENNOCHUIKH THITOTE3bI 00 M30BITKE KpHiisl B cepenuue 20-ro cToneTus
1 paccMmarpuBaeTcst MH(opMarus 00 ypOBHSX MNONMYIALNM M M3MEHEHHUH, KoTopas
HOSIBIJIACH [TOCIIE TOTO, KaK BIIEPBbIE ObLT BBLABUHYT ATOT moctyinar. L{ens nccnenoBanus
— ONpeneNuTh, MOXKET JIN B3aMMOJCHCTBHE XUITHHKA—KPHIb caMO IO cebe B IeTIoM
OOBSICHUTh HaONIONaeMble TEHACHIMH HM3MEHEHHs MNOomylsiiun 0e3 HeoOXOIUMOCTH
mpuberath K THIOTe3aM 00 M3MEHEHHWH OKpyKaiomed cpensl. Pazpaborana mozens,
BKJIIOYAIONIasi Kpuib, 4 BHJA DIAJAKUX KUTOB (CHHHH, (DMHBaAJI, ropOarelii W Mablid
TTOJIOCATHK) M 2 BUJA TIOJICHE! (F0KHBIM MOPCKOH KOTHK U Kpaboemn). Momens HadrmHaeTCst
B 1780 r. (BOBHUKHOBEHHUE MPOMBICIa MOPCKHX KOTHUKOB) U BhIAEseT B HO)kHOM OKkeaHe
cexTop Amtantnueckoro/MHauiickoro okeanoB 1 THXOT0 OKeaHa, yYUThIBas, ITO B IEPBOM
Macmtadbl MPOMBICIa B TPOIIIOM ObLIM ropasno Ooibmie. K MMeromumMest JaHHBIM O
YHICIEHHOCTH 1 TCHJCHIMAX XUIIHIKOB T0J00paHbl KOHTPOJIBHBIA BapuaHT U 6 PyHKINH
YyBCTBUTEJILHOCTH; PAacCMaTpUBaeTCs IPaBAONOJ00HEe pE3yNbTaToB M JIONYLIEHUH,
Ha KOTOPBIX OHH CTPOATCS, a TaKXKe IMpeAaraeMble HaMpaBlICHUS JaJbHEHIINX
nccnenoBannii. OCHOBHBIMHM BBIBOIaMH JIaHHOW pa0OTBI SIBISIETCS  CIEAYyIOIIee:
(i) pe3ynpTaTsl B3aMMOAEHCTBHA BUAOB CaMH 10 cebe MOTyT OOBSICHUTH HAOIIOTaeMble
TEHJCHIIUM W3MEHEHHSI YNCIICHHOCTH XHUIHUKOB, XOTS M C HEKOTOPHIM 3aTPyIHEHUEM;
(il) o oObscHEHMSI HAOMIONAeMbIX TEHACHINH HEOOXOINMO paccMaTpUBaTh M APYTHE
BUJIBI, KDOME TIQJIKUX KHTOB M KPWJIS — TIOJIEHH-KPaOOe/bl, MO-BHIMMOMY, UIPAfOT
Ba)KHYIO POJIb U SIBJIAIOTCSI 0COO0 MPUOPUTETHBIM BUAOM B IIJIAHE [TOTY4EHHS YITyYILICHHON
MHPOPMALIUK O YUCICHHOCTH M TEHACHIMAX M3MEHEeHus; (1ii) CeKTop ATIaHTH4eCcKoro/
WHauiickoro OKeaHOB [I€MOHCTPUPYET CYIECTBEHHbIE W3MEHEHHS B UHCICHHOCTH
BUJIOB B OTIIMYME OT ropaszno Ooiee crabwibHOro TuxookeaHckoro cexkropa; (iv) s
OOBsICHEHHST HAONIONAaeMbIX TEHJCHIMH HEOO0XOAMMO, 4TOOBI KOA(QQUIMEHTH pocTa
ITAJKUX KUTOB JIOCTUTAJIN CPAaBHUTEIILHO BRICOKMX 3HaYCHUH; 1 (V) orienka Jloyza (Laws,
1977), cormacHO KOTOpOW H30OBITOK KpWUJSl COCTaBiIseT okojo 150 MIH. T, BEpOSTHO,
SBJISIETCSI CHJILHO 3aBBIIICHHON B Pe3yJbTare TOro, 4TO B €r0 pacuyeTax He IPUHUMAIOTCS
BO BHHMaHHE 3aBHUCSIIHUE OT IJIOTHOCTH (PAKTOPHI B MHTEHCUBHOCTH ITUTAHUSI.

Resumen

Se presenta un breve resumen de la historia de las capturas de focas, cetdceos, peces y
kril por el hombre, destacdndose el papel fundamental del recurso kril. Se describen los
fundamentos de la hipétesis de que a mediados del siglo veinte hubo un excedente de kril,
y se analiza la informacién obtenida acerca de las poblaciones y de las tendencias desde
que se postul6 esta hipoétesis por primera vez. El objetivo de este estudio es determinar
si las interacciones depredador-presa por si solas son capaces de explicar en términos
generales las tendencias observadas en la poblacién, sin tener que recurrir a hipétesis
relacionadas con cambios en el medio ambiente. Se desarrollé6 un modelo que incluye
el kril, cuatro especies de ballenas de barba (la ballena azul, el rorcual comtin o ballena
de aleta, la ballena jorobada y el rorcual aliblanco) y dos de pinnipedos (el lobo fino
antartico y la foca cangrejera). El modelo comienza en 1780 (cuando empez6 la caza del
lobo fino) y distingue los sectores del Océano Atlantico, Océano Indico y Océano Pacifico
del Océano Austral, en vista de la explotacién mucho mas intensa del primer sector en
el pasado. Se ajusté un caso de referencia y seis sensibilidades a los datos disponibles
sobre la abundancia y las tendencias de los depredadores, y se discute la verosimilitud
de los resultados y las suposiciones sobre las cuales se basaron, y a la vez se proponen
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otros campos que podrian investigarse. Las conclusiones mds importantes del estudio
son: (i) que los efectos de la interaccién entre especies por si solos pueden explicar las
tendencias observadas de la abundancia de los depredadores, pero no con facilidad;
(ii) que se deben considerar otras especies, ademas de las ballenas de barba y el kril, para
poder explicar las tendencias observadas — la foca cangrejera aparentemente juega un
papel importante, y su estudio es prioritario para poder mejorar la informacién sobre la
abundancia y tendencias; (iii) los sectores de los Océanos Atlantico e Indico del Océano
Austral muestran los mayores cambios en la abundancia de las especies, en contraste con
el sector del Océano Pacifico, que es mucho mds estable; (iv) las ballenas de barba deben
poder alcanzar tasas de crecimiento relativamente altas para dar cuenta de las tendencias
observadas; y (v) es posible que la estimacién de Laws (1977), que calcula el excedente
de kril en unos 150 millones de toneladas, sea perceptiblemente demasiado alta, ya que
sus calculos no consideraron los efectos dependientes de la densidad en las tasas de
alimentacion.

Keywords: Antarctic, ecosystem modelling, predator—prey, competitive release, krill
surplus, krill, baleen whale, seal, CCAMLR

Introduction

This paper extends the Antarctic blue whale-
minke whale-krill interaction model introduced in
Mori and Butterworth (2004) in various ways, as
detailed in the ‘Data and methods’ section. First,
however, the background motivating this study is
summarised.

Brief history of human harvesting
in the Antarctic

The Antarctic is a region where the largest
human-induced perturbation of a marine ecosys-
tem anywhere in the world has taken place (Mori
and Butterworth, 2004). Species were harvested
sequentially, with many heavily depleted as a con-
sequence. Initially seals were taken from the end
of the 18th century, followed by whales at the start
of the 20th century. More recently finfish exploita-
tion commenced in the 1960s, and that of Antarctic
krill (Euphausia superba) (hereafter called ‘krill’) in
the 1970s.

Seals (including Antarctic fur seals (Arctocephalus
gazella), sub-Antarctic fur seals (A. tropicalis) and
southern elephant seals (Mirounga leonina)) were
takenaround South Georgia from the 1790s. Weddell
(1825) calculated that 1.2 million fur seals had been
harvested at South Georgia by 1822! (peaking in
about 1800 when 112 000 skins were collected) and
this extensive harvesting almost rendered the pop-
ulation extinct in this region (McCann and Doidge,
1987). As the numbers in South Georgia declined
rapidly, the South Shetland Islands became the
next location for the sealers, and by 1830 the fur
seal population there had also almost been exter-

minated.

1

After this exploitation of the Antarctic fur seals,
and commencing at the beginning of the 20th cen-
tury, large baleen whale species were depleted
sequentially, some almost to extinction (Figure 1).
Antarctic blue whales (Balaenoptera musculus) were
harvested legally from 1904 for almost 60 years,
fin whales (B. physalus) from 1913 to 1976, and
humpback whales (Megaptera novaeangliae) until
1962 (though there were some illegal takes after
these dates) (Yablokov et al., 1998). Sperm whales
(Physeter microcephalus) were taken in substantial
numbers from the 1950s, and after the depletion
of the other major baleen species, the sei whales
(B. borealis) distributed further to the north were
heavily impacted in the 1960s and 1970s. Based on
historical catch information for blue whales and
the fit of a logistic model to several sighting survey
series, Branch et al. (2004) estimated that by the start
of World War II, the Antarctic blue whale popula-
tion was already at about only a quarter of its pris-
tine level, and by 1963 had been reduced to about
0.5% of this pre-exploitation abundance. Similar
studies by Johnston and Butterworth (2005a, 2005b)
have demonstrated that the humpback whale pop-
ulations were reduced by harvesting to about 1-5%
of their estimated pre-exploitation abundance,
depending on the breeding stock considered. The
commercial harvest of minke whales began in the
1970s and ended in 1986 (when a moratorium on
commercial whaling came into force), though this
species was not nearly as heavily exploited as the
other baleen whales.

More recently, some finfish species have been
appreciably overharvested. In 1969 and 1970,
the bottom-dwelling marbled Antarctic rockcod
(Notothenia rossii) almost vanished from the vicinity
of South Georgia after 514 000 tonnes were taken

Much of the harvesting in the Antarctic takes place during an austral summer season. The notation adopted in this

paper is to refer, for example, to the 1986/87 season as 1986.
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(Constable et al., 2000). Following this depletion,
mackerel icefish (Champsocephalus gunnari) became
a target of the former Soviet Union fleets in the mid-
1970s, and the mean annual catch of this species
declined substantially over the first 20 years of the
fishery, from 1970 to 1990 (Kock, 1992). Fishing for
Patagonian toothfish (Dissostichus eleginoides) began
inthe 1970s as part of the mixed bottom trawl fishery
around South Georgia, followed by the introduc-
tion of a longline fishery in 1987. Substantial levels
of IUU fishing? developed around South Georgia,
and from 1996 there was a rapid rise in such activi-
ties in the Indian Ocean, leading to a catch sub-
stantially above the aggregate global limit recom-
mended by CCAMLR for its Convention Area. The
rapid declines of the stocks around Crozet Island
and the Prince Edward Islands Exclusive Economic
Zones (EEZs) have been of great concern (Constable
et al., 2000; Brandao et al., 2002).

The first large-scale krill harvests began in the
late 1960s, with catches peaking at over half a
million tonnes in the 1981 season, and then declin-
ing sharply until 1984 as a result of marketing and
processing problemsbroughtaboutby thediscovery
of high levels of fluoride in the exoskeleton of krill
(Nicol and de la Mare, 1993; Nicol and Endo, 1999).
These problems were overcome and catch increased
again until the break-up of the Soviet Union in
1991 caused another sharp decline in catches as
former member States of the USSR reassessed the
economic viability of their krill fisheries. A total of
6.1 million tonnes of krill was taken between 1973
and 2001 (Miller, 2002). The fishery has been stable
for the past nine years with the catch in 2002 being
98 414 tonnes (SC-CAMLR, 2001). This level is not
considered excessive, being much less than the
precautionary catch limit of 4 million tonnes set by
CCAMLR for the Scotia Sea sector (Area 48). The
latter limit is based on an acoustic survey estimate
of krill abundance of 44.3 million tonnes. The fish-
ery currently operates in the South Atlantic, with
a winter fishery around South Georgia, moving
south in spring and summer to the waters of the
Antarctic Peninsula and the South Orkney Islands
(Nicol and Foster, 2003). Lately, because of reduced
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winter sea-ice, the winter fishery has remained in
the waters around the Antarctic Peninsula and the
South Shetland Islands (SC-CAMLR, 2001).

Antarctic food web and the central role
of krill as prey

Unlike most other marine ecosystems in lower
latitudes, where many species interact in a complex
manner with each other, trophic interactions in the
Antarctic may be fairly simple. Baleen whales, some
squid, fish, seabirds and some seals all feed pre-
dominantly on krill. Various qualitative and quan-
titative analyses of the diet composition of baleen
whales in the Antarctic (Mackintosh and Wheeler,
1929; Mackintosh, 1942; Nemoto, 1959; Kawamura,
1994; Ohsumi, 1979; Bushuev, 1986; Nemoto, 1970;
Ichii and Kato, 1991; Tamura and Konishi, 2005)
confirm this for blue, fin, humpback and minke
whales®. Kawamura (1994) reviewed the feeding
of baleen whales in the Antarctic and concluded
that although there are some local and seasonal
variations, all southern baleen whale species (apart
from the Bryde’s whale (Balaenoptera edeni), which
does not enter Antarctic waters, and the sei whale,
which shows a strong preference for copepods and
amphipods), largely fulfil their nutritional require-
ments by feeding on krill, a key species within the
Southern Ocean ecosystem.

Among the seals in the Antarctic, crabeater seals
(Lobodon carcinophagus) and Antarctic fur seals feed
mainly on krill. Oritsland (1977) estimated the diet
composition of crabeater seals to be 94% krill, 3%
fish and 2% squid, based on samples taken from
surveys in the Scotia Sea and Weddell Sea pack-ice.
The diet of the Antarctic fur seals has been studied
at numerous sites throughout their range, namely
at South Georgia (Bonner, 1968; Croxall and Pilcher,
1984; Costa et al., 1989; Reid and Arnould, 1996),
the South Orkney Islands (Daneri and Coria, 1992),
the South Shetland Islands (Daneri, 1996; Casaux et
al., 1998; Daneri et al., 1999), Heard Island (Green
et al, 1989, 1991), Kerguelen Islands (Cherel et
al., 1997), Marion Island (Klages and Bester, 1998)
and Bouvet Island (Kirkman et al., 2000). Most
studies are based on analysis of scat samples, and

IUU fishing means fishing that is either illegal (when taken without permission in the EEZ of a sovereign State),

unregulated (when taken by non-members of the pertinent Regional Fisheries Management Organisation (RFMO),
here CCAMLR), or unreported (when taken but not reported by members of the REMO).

Some other food organisms may also be found in small quantities in the diet of these species depending on the

extent of the southern migration of the species, where those that migrate further to the south around the ice-edge
probably overlap more with the distribution of krill. Baleen whales may also feed on Euphausia crystallorophias,
which is generally found further south than E. superba. Tamura and Konishi (2005) report that in the deep parts of
the Ross Sea and Prydz Bay, minke whales feed on E. crystallorophias, but that the overall consumption is far less
than of E. superba. While there has not been any assessment of the abundance of E. crystallorophias, suspicions are
that this is far less than that of E. superba (D. Miller, S. Nicol, pers. comm.).
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krill seems to constitute the major dietary item
for Antarctic fur seals around South Georgia, the
South Shetland Islands, the South Orkney Islands
and Bouvet Island. Around Kerguelen, Heard
Island, and Marion Island, fish seem to be the major
prey (Cherel et al., 1997; Green et al., 1989, 1991;
Klages and Bester, 1998). These studies show that
Antarctic fur seals feed not only on krill but also
fish, and the amount of krill and fish consumption
differs greatly between regions. However, as more
than 95% of the breeding population of Antarctic
fur seals is located at South Georgia (Reid, 1995), it
is evident that krill is the main source of food when
the population as a whole is considered.

Some supporting evidence for the ‘surplus’
krill hypothesis — competitive release?

Considering the extensive exploitation of
Antarctic baleen whales in the early 20th century
and the fact that krill is virtually the only prey
item for those species, Laws (1962, 1977) suggested
that following this exploitation, some 150 million
tonnes of ‘surplus’ annual production of krill
became available for other krill-feeding predators,
such as minke whales, crabeater seals, fur seals,
penguins and some albatrosses. This suggestion
of 150 million tonnes was based on the coarse esti-
mates available at that time of the population sizes
of baleen whales, estimates of mean body weight,
and the assumption that krill consumption by
baleen whales was between 3 and 4% of their body
mass per day (see further details in the ‘Discussion’
section).

Although no direct inferences can be made, there
are several studies and observations that support
this ‘surplus’ krill hypothesis. The estimated trend
in age-at-maturity of minke whales, as indicated by
transition-phase observations from earplugs, was
downwards from the 1950s to the 1980s, indicating
alikely increased abundance of minke whales in the
mid-20th century, plausibly in response to increased
krill abundance following the depletion of the large
baleen whales (Kato, 1983; Thomson et al., 1999;
Zenitani and Kato, 2005). Analyses of catch-at-age
data using the ADAPT-VPA method (Butterworth
et al., 1999, 2002; Mori and Butterworth, 2005) also
suggest a statistically significant increase (about
5% per year) in minke whale recruitment dur-
ing the period from about 1940 to 1965. Two sets
of research cruise observations support this low
minke whale abundance in the 1950s. Zenkovich
(1962) reports that during a cruise in the Indian
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Ocean sector of the Southern Ocean in 1957 over
the December—February period, 266 blue, 1 429 fin,
527 humpback but only 81 minke whales were
seen. In coverage of the Pacific Ocean sector of the
Southern Ocean in April, similar numbers of blue,
fin and humpback whales were sighted; no figures
are reported for minke whales in this region, but
comments in the paper suggest these to be very
low. Similar results had been reported in Clarke
and Ruud (1954). They recount the voyage of the
Enern to the Atlantic Ocean sector in November—
December 1953, when 35 blue and 228-237 fin,
but only 22 minke whales were sighted* during
an expedition focused on marking. Furthermore,
there is anecdotal evidence of increased abundance
of minke whales from observations on whaling
vessels over the same period (Ash, 1962).

Bengtson and Laws (1985) suggest a similar
trend in the age-at-sexual-maturity for crabeater
seals, which could have arisen for the same reason
of increased availability of food in the form of krill
that is postulated for minke whales. They exam-
ined this trend both by back-calculation from the
transition layers observed in teeth and by examin-
ing the ovaries of the female crabeater seals, and
showed a drop in the age-at-sexual-maturity from
the 1959 to the 1963 cohort. They also showed that
after 1963 there was a steady increase in female
age-at-maturity through to the 1976 cohort. Further
evidence is provided by the once extensively har-
vested Antarctic fur seals. By counting the pups
as well as using mark-recapture methods, Payne
(1977) estimated the approximate number of
Antarctic fur seals in South Georgia, and suggested
an annual rate of population increase of 16.8%
between 1957 and 1972. Following this study, Boyd
(1993) calculated the total population of Antarctic
fur seals in South Georgia based on counting
female fur seals ashore, and suggested the popula-
tion increase from 1977 to 1991 to be 9.8% per year.
Observations at other breeding sites such as the
South Shetland, Bouvet, Marion, Possession and
Heard Islands also show that Antarctic fur seals
increased from the 1980s to the 1990s (Hucke-Gaete
et al., 2004; Hofmeyr et al., 1997; Guinet et al., 1994;
Shaughnessy and Goldsworthy, 1990).

The timing of all these changes in biological
parameters and population trends of minke whales,
crabeater seals and Antarctic fur seals (which all
feed mainly on krill), corresponds well with the
period of extensive commercial harvesting of the
krill-feeding large baleen whales. Since there is no

Some care must, however, be exercised in interpreting this result, as Clarke and Ruud (1954) also suggest that the

lookout may not always have reported sightings of the smaller whales (minke and southern bottlenose), presum-
ably because of their lesser financial importance at that time.
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obvious evidence of any other appreciable environ-
mental or human-induced changes that could have
led to increases in these populations commenc-
ing in the middle decades of the 20th century, the
hypothesis that some large quantity of ‘surplus’
annual production of krill became available for
other krill-feeding predators (competitive release),
following the depletion of the large baleen whales,
seems certainly plausible.

More recent trends in whales and seals
in the Antarctic

More than 30 years have now passed since the
reduction and subsequent protection of the popu-
lations of large baleen whales in the Antarctic, and
there are several indications of recovery of these
previously heavily exploited species. A recent
analysis by Branch et al. (2004) of blue whale abun-
dance estimates using Bayesian approaches yields
an annual 7.3% (95% CI: 1.4-11.5%) increase for
this species since its protection in 1964. A similar
analysis by Rademeyer et al. (2003) investigated
whether there has been a significant increase in
abundance for this species in the International
Whaling Commission (IWC) Management Areas
(see Figure 2) using various statistical and popu-
lation-modelling approaches. Their GLM analysis
took different management areas into account and
indicated an annual 11% (S.E. 5%) increase in the
density of blue whales over the period 1978-2000,
though the extent of recovery of the species com-
pared to its pre-exploitation abundance differed
among areas, with the population levels in Areas II
and IV still being particularly low.

Recoveries of humpback whales have also been
confirmed by several studies. Bannister (1994) esti-
mated the increase rate of humpback whales off
west Australia (termed ‘breeding stock D’ by the
IWC (Annex H of IWC, 2004)) by fitting an expo-
nential increase model to the number of whales
seen per flying day, and suggested an annual
10.9% (95% CI: 6.9-13.9%) increase over the period
1963 to 1991. For the same breeding stock, a recent
study by Matsuoka et al. (2004) using sighting-
based estimates of abundance from the Japanese
Whale Research Programme under Special Permit
in the Antarctic (JARPA) estimated the annual
rates of increase for humpback whales to be even
higher. A similar recovery rate has been indicated
for breeding stock E — east Australia (Brown et al.,
1997; Matsuoka et al., 2004). Findlay et al. (2004)
recently reported an indication of the recovery
of breeding stock C — east Africa. For breeding
stock A (Brazil), Zerbini (2004) used a Bayesian
method to estimate a maximum net recruitment
rate of 8.5%, though he concluded nevertheless
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that this population is still low relative to its pre-
exploitation size and requires continued conserva-
tion efforts. Information on breeding stock B (west
Africa) is still lacking, but at least for other areas
(the Indian Ocean and Australian east coast), it is
likely that humpback whales have been recovering
at about 10% per year since there has been effective
protection of this species. For fin whales, Matsuoka
et al. (2005) reported some increase in abundance
in Areas IIIE (35°-70°E) and IV using JARPA sight-
ing data from 1989 to 2003; however, there are large
yearly fluctuations in the abundance estimates for
the area south of 60°S in Areas IV and V, which may
arise because the distribution area for fin whales
lies mainly north of 60°S.

In contrast to the recent recovery of large baleen
whales in the Antarctic, there are some indications
of recent reductions in increase rates and perhaps
even declines in other predators of krill, espe-
cially those that once seemed to have benefited
from the ‘surplus’ krill, such as minke whales
and crabeater seals. Analyses of catch-at-age data
using the ADAPT-VPA method (Butterworth et al.,
1999, 2002; Mori and Butterworth, 2005) suggest
an increase in minke whale recruitment in IWC
Management Areas IV and V until a peak in the
late 1960s, followed by a drop and then stabilisa-
tion over more recent years. Mori and Butterworth
(2005) suggested a reduction in the total (1+) minke
whale population in these areas from 1970 to 2000
at a rate of 2.4% per year. The relatively low levels
of minke whale catches over this period are much
too small to account fully for these trends. Analysis
of the age-at-sexual-maturity of minke whales by
Zenitani and Kato (2005) indicated that the declin-
ing tendency of age-at-sexual-maturity gradu-
ally slowed down around the 1960s, and almost
stopped from about 1965 to 1980. For females,
a slight increasing trend is evident for the year
classes from 1990. Direct observations of the age-
at-physical-maturity provide stronger evidence for
a recent increase (Bando et al., 2005). Supportive
indications for recent declines in food availability
for minke whales are provided by analyses indi-
cating a decrease in blubber thickness since the
1980s (Ohsumi et al., 1997; Konishi and Tamura,
2005), and also by a steady pattern of decreas-
ing weights of stomach contents of mature minke
whales since 1987 when the JARPA program com-
menced (Tamura and Konishi, 2005).

An increase in the age-at-sexual-maturity of
crabeater seals has also been postulated. Bengtson
and Laws (1985) suggested a steady increase
through the 1960s and 1970s. A more recent study
by Harding and Héarkdnen (1995) also reached this
conclusion, suggesting strong evidence for a true



increase in age-at-sexual-maturity of crabeater
seals from 1964 to 1989 based on calculations of the
mean age-at-first-ovulation. Erickson and Hanson
(1990) suggested that there has been a decline in
the population of crabeater seals in the western
Weddell Sea south of 70°S and, to a lesser extent, in
the Pacific Ocean sector. Their critical comparison
of shipboard and aerial census data from 1968 and
1969 with those from 1984 suggested a reduction
in crabeater seal density of 30-60%. They attrib-
uted this decline to increased foraging competition
between the large baleen whales that are showing
signs of recovery after protection from commercial
whaling. However, Green et al. (1995) argue that
this apparent decline is an artefact of the census-
ing protocol, which did not take into account the
possibility of a change in the composition and pro-
portion of the seal population observable on the ice
during moults. No firm conclusion on this matter
has been reached, but the trends in the age-at-
sexual-maturity of crabeater seals, at least, suggest
that any earlier increase rate in their abundance has
slowed (and could perhaps even have reversed).

Reid and Croxall (2001) examined the rela-
tionship between the trends in krill biomass and
those of its predators (Antarctic fur seals, Adélie
(Pygoscelis adelia) and macaroni (Eudyptes chrysolo-
phus) penguins) around South Georgia, and found
that the numbers of all these predators have been
declining since 1990, and that the length of krill
in their diets has become smaller, which indicates
a lesser abundance of adult krill. These authors
suggest that the biomass of krill was sufficient to
support predator demands at South Georgia in the
1980s but not in the 1990s, so that the period of the
“krill surplus” might now be at an end. Thus multi-
species studies of these predator—prey interactions
are likely to be crucial for understanding and pre-
dicting trends in abundance for these populations.

Objective of this study

A decrease in sea-ice cover until the mid-21st
century as a consequence of global warming has
been suggested by several studies (Levitus et al,,
2000; de la Mare, 1997). Warming of the Southern
Ocean seems to be the fastest worldwide (Gille,
2002). This has generated concern about the con-
sequential changes affecting the dynamics of the
species within the Antarctic ecosystem.

In addition to understanding the relationship
between environmental change and its influence
on the dynamics of the species in the Antarctic,
an evaluation of the possible consequences of
the past extensive human-induced harvesting of
whales and seals on the Antarctic food web via
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predator—prey interactions is also likely to be
crucial for understanding the dynamics of this
ecosystem. For example, by correlating changes
in Antarctic seabird populations with regional
climate change, Croxall et al. (2002) concluded that
in addition to the effect of such climate change on
species in the Antarctic, harvest-driven changes (of
whales and seals in the Antarctic) may also play a
role and the combination of the two may induce
rapid shifts between alternative trophic pathways.
As a result of a substantial effort by the IWC in col-
lating historical catches of whales, and by both the
IWC and the Japanese Government in conducting
continuing whale sighting surveys in the Antarctic
for almost three decades, population abundance
and trend estimates for the whale species heavily
depleted last century have recently become avail-
able. These facilitate important improvements in
understanding the effects of past human-induced
harvesting of these species in the Antarctic and in
the prediction of future trends.

Considering likely increases in minke whales,
crabeater seals and Antarctic fur seals in response to
extensive harvesting of large baleen whale species,
and the more recent observations suggesting that
these increases have reduced or even reversed for
some of these species concomitant with the recov-
ery of the larger baleen whale species, the hypoth-
esis in this paper is that the effects of human-
induced harvesting of the species in the Antarctic
has indeed played a major role in, and continues to
impact on, the dynamics of krill and its major pred-
ators in the Antarctic. The objective of this paper is
thus to investigate the following question:

By considering the krill-centric major predator—
prey interactions and the available knowledge
concerning these species (including harvesting
thereof by humans), to what extent can these
interactions alone reproduce the abundances
and their trends as observed in recent surveys
of these species? In other words, is it possible to
both qualitatively and quantitatively evaluate
to what extent predator—prey interactions may
be controlling the population abundances and
trends of krill and its major predators?

By addressing this question, it is hoped to
provide further insight on the extent to which
predator—prey interactions (compared also to the
argued impact of changing environmental factors)
may have influenced krill and their predators in
the Antarctic, and thereby improve understanding
of the functioning and hence predictability of the
Antarctic marine ecosystem.
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Data and methods
Species considered in the model

Baleen whales, some squid, fish, seabirds and
some seals all prey directly on krill. The amount
of krill consumed by each species group differs
depending on their abundances, diet compositions,
daily intake of food and the period over which they
feed in the Antarctic.

In order to evaluate the magnitude of the
impact of consumption by predator groups on krill
biomass, approximate estimates of krill consump-
tion by each predator group in the Antarctic are
summarised in Table 1. Before human exploita-
tion began, baleen whales were probably the major
predators of krill, followed by seals (Table 1). This
indicates that the impact on krill of consumption
by baleen whales and seals in the Antarctic is rela-
tively large, and therefore baleen whales (specifi-
cally blue, minke, humpback and fin whales) and
seals (Antarctic fur and crabeater seals) are con-
sidered in the model developed. A particular dif-
ficulty, as is evident from Table 1, is that no detailed
information exists to estimate the abundances and
hence consumption of krill by cephalopods, fish
and birds for the period prior to the exploitation
of the baleen whales. Even for recent years, know-
ledge of such values for these species (particularly
for squid and fish) is still very limited, and any
estimates remain heavily dependent on what are
often rather sweeping assumptions. Similar com-
ments could be made for other cetacean species
such as killer and beaked whales. Due to this lack
of data, the effect of consumption by these further
species on krill and on the predator—prey dynam-
ics in the Antarctic is not considered directly in the
model developed. Instead, their potential impacts
on these dynamics will be addressed further in the
‘Discussion” section.

Thus, in summary, only blue, minke, humpback
and fin whales, and Antarctic fur and crabeater
seals, are considered as the major krill predators
in the model developed. Antarctic fur seals are
included only in Region A (see Figure 2), as their
distribution is essentially restricted to the Atlantic
Ocean sector.

Incorporating regional effects

The model developed divides the Antarctic into
two regions: one is the Atlantic and Indian Ocean
sectors, which corresponds essentially to the IWC
Management Areas II, III and IV, and the other
the Pacific Ocean sector, which corresponds to the
Areas V, Vland L. The two regions, together with the
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IWC management areas, are shown in Figure 2. For
convenience, the former region is termed Region A,
and the latter Region P.

The reason for dividing the Antarctic in this
way is that the majority of the commercial harvest-
ing of baleen whales and Antarctic fur seals took
place in Region A (Figure 3), bringing most of the
large baleen whale populations and the Antarctic
fur seals to the verge of extinction. The whales on
the Pacific side of the continent were harvested in
much lesser numbers (Figure 3). This suggests an
uneven pre-exploitation distribution of large baleen
whales: abundant in Region A, but relatively scarce
in Region P. Thus, the impact of whaling and seal-
ing may have different effects in these two regions,
which is the reason for this division.

Historical catch
Baleen whales

Annual catches by region for the baleen whales
species considered in the model are listed in
Table 2(a). These include all catches taken in the
southern hemisphere. Catches for blue whales have
been taken from Rademeyer et al. (2003), except
that some minor errors found there have been cor-
rected. The pygmy blue whales (B. m. brevicauda)
identified in Branch et al. (2004) are excluded from
these data, as are the whales for which the species
name is indicated only as ‘probably blue whales’
(this occurs over 1905-1913, involving a total of
1 063 whales).

Catches for fin whales have been provided by
C. Allison of the IWC Secretariat. For some of the
early catches, species were not recorded. In these
cases, the total catch by the vessels concerned
have been allocated to species in the same propor-
tions as for the same vessels in the same region
for the nearest year for which species informa-
tion is given. A similar basis was used to allocate
catches to Regions A and P when no information
on catch position was given, except that all South
Shetland catches were allocated to Region A. When
compared to the cumulative catch of fin whales
over time, the contributions from allocations from
catches for which the species were not specified
total only about 2%.

The catch series for minke whales have been
provided by C. Allison. For humpback whales,
the series developed by C. Allison and K. Findlay
during the 2005 meeting of the IWC Scientific
Committee were used, with catches for breeding
stocks A, B, C and D allocated to Region A, and for
E, F and G to Region P (see INC, 2004 for the geo-
graphical locations of these breeding stocks).



It should be noted that aspects of the early
catch histories and more recent Soviet misreport-
ing for these species remain under investigation,
but any consequent future changes to the values in
Table 2(a) are likely to be minor.

Seals

Since no details on yearly catches of Antarctic
fur seals exist, a plausible catch history for this
species based on the available knowledge of these
catches was developed. Details of how this was
accomplished are given in the appendix. Crabeater
seals have hardly been harvested, but 750 animals
were taken per year in Region A for 11 years during
the period from 1967 to 1977 (Boyd, pers. comm.).
The consequent historical catches of Antarctic fur
and crabeater seals assumed for the model are
shown in Table 2(b).

Absolute abundance estimates
and their relative trends

The absolute abundance estimates for the preda-
tor species considered are shown in Table 3, while
their relative trends are listed in Table 4 together
with the sources for this information. Note that the
estimates of abundance for blue, humpback and
minke whales in Table 3 refer to the region south
of 60°S, which probably includes most of the blue
and minke whales. For the fin whales, the esti-
mates obtained for south of 60°S by Branch and
Butterworth (2001) are extrapolated by a factor of 7,
based on the results of Butterworth and Geromont
(1995), who used Japanese scouting vessels (JSVs)
sighting rate data, for which the surveys extended
as far north as 30°S, as an index of relative density
to extrapolate abundance estimates obtained from
the IWC/IDCR-SOWER surveys to the region
north of 60°S.

Since the abundance trends for fin whales and
crabeater seals are not well known, they are not
included in Table 4, so that no related information
is used in fitting the population model developed
below.

Population dynamics of the species
Functional response

There is almost no information on the func-
tional response of baleen whales to their prey.
Turchin (2002) comments that specialist predators
are thought to be typified by a hyperbolic-shaped
response, whereas generalists are commonly
thought to exhibit sigmoidal-shaped responses.
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Similarly, it has been suggested by a CCAMLR
working group (SC-CAMLR, 2004) that for those
predators whose foraging is based on interactions
with individual prey organisms (e.g. killer whales
that forage on seals), Type Il response curves might
be appropriate; on the other hand, predators whose
foraging is based on interactions with prey organ-
isms that must be aggregated to exceed some
threshold density (e.g. baleen whales that forage
on krill) are likely to follow Type III curves. In the
analyses following, both Type II and Type III func-
tional response forms are explored.

The model

The model presented here is similar to that of
Mori and Butterworth (2004), but has added an
intraspecific density-dependent parameter (n) for
each predator in order to admit a non-trivial coex-
istence equilibrium of the species considered.

Dynamics of krill -
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Dynamics of the predators —
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where

B, is the biomass of krill in region a in year y;
7 is the intrinsic growth rate of krill in region a;

K, 1isthe carrying capacity of krill (in the absence
of predators) in region 4;

M is the maximum per capita annual con-
sumption rate of krill (in tonnes) by predator
species j (j could be either b (blue whale),
m (minke whale), i (humpback whale), f (fin
whale), s (Antarctic fur seal) or ¢ (crabeater
seal));

N ;’” is the number of predator species j in region a
in year y;

B is the krill biomass when the consumption,

and hence also the birth rate, of species j in
region a drops to half its maximum level;
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W is the maximum annual birth rate of predator
species j (which can be considered to include
calf-survival rate, as usually only the net
effect of these two processes in combination
is measurable);

M isthenatural annual mortality rate of predator
species j in the limit of low population size;

W* is a parameter governing the density-
dependence of natural mortality and /or birth
(and calf-survival) rate for predator species j
in region 4;

n is a parameter that controls whether a Type II
or a Type III functional response is assumed
(n =1 for Type Il and n = 2 for Type III);

Ci’“ is the catch of predator species j in region a in
year y.

Note that no krill catch is considered as (to
date) this has been small compared to krill abun-
dance (typically by some two or more orders of
magnitude) (SC-CAMLR, 2001). Terms involving
the parameter 1/ can apply to either or both birth
(together with calf-survival) and death rates; bio-
logically these terms could reflect the impact of
limitations on the numbers and sizes of breeding
sites for seals, and correspond to intra-species com-
petition for food for whales (see also further com-
ments in the ‘Discussion’ section).

Note also that the krill production function in
equation (1) is changed from the Pella-Tomlinson
form of the earlier model of Mori and Butterworth
(2004) to a Schaefer form. This was done to facili-
tate computations: the problem is that otherwise
the computation of K, from equation (3) (see next
subsection) can lead to discontinuous derivatives,
which is not permissible for the minimisation pro-
cess of the ADMB package used for these compu-
tations. The effect of this change is not large: the
MSY level (MSYL) for krill increases from 40 to 50%
of K,

Model fitting procedure and
parameter estimation

In order to estimate the yearly abundances of
krill and its predators using equations (1) and (2),
the initial abundance for each species in the year
1780, before any exploitation began (taken to cor-
respond to a co-existence equilibrium level for the
species considered), needs to be estimated. The
condition that all the species considered in the
model were in equilibrium (balance) in the year
1780 provides relationships between the parameter
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values. Thus, by setting By,; =B in equation (1),
it follows that if a Type III functional response form
is assumed:

M (Bf780 )2 Nizo

Bll
11— ﬂjj = Z -
[ ( K, j (B]’” )2 + (Bf780 )2 3)

ja

Similarly, setting N Nﬁ'“ in equation (2)

yields: .
, 2
jt] EBfmoa) ; - M+ NI,
(B ’ ) +(Bl780) 4)

for each predator species ;.

For blue whales, equation (4) can also be re-
written as:

B (M +n"" Ny, )

Bf780 =
b b __bantb,
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Given values of B" and n’" as inputs (see
Table 6), and choices from their plausible ranges
for the other blue whale parameters (M?, N’
and p’) (see Table 5), the initial biomass of krill in
region a in year 1780 ( Bjg,) is specified. Similarly,
by solving equation (4) for B/, this functional
response parameter is specified for each other
predator species. Once all these parameters are
specified, K, can be calculated from equation (3).
Similar equations apply when a Type II functional
response form is assumed.

The Likelihood function

The complete negative log-likelihood function
minimised to estimate parameters M/, N5, M, W
for all the predator species j, and #* for krill, is:

—-InL= LL?zbun + LL?ren + LLTbun + LL’tﬁen + LLIZhun +
LLeren + LLJ;bun + LLizhun + LLStren + LLizbun (6)

where this function (-InL) comprises the contri-
butions of LL,, and sometimes LL},, from each
predator species j. LL,, is the component that
compares the model-estimated abundance of
predator species j to the observed abundance
(estimated directly from surveys) and assumes
distribution lognormality, and LL},,is a similar
component pertinent to the abundance trend which

assumes distribution normality.



Blue whale component
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with g reflecting a possible multiplicative bias in the
abundance estimates utilised, and the summation
being over years for which circumpolar estimates
of abundance (i.e. for regions A and P combined)
are available.

Minke whale component

L, =0 NI - N5 F [kt o+
(i 73 —in 58 ko P ©)
LLyy,, = (erg’f(i) 2000 _éfg%/(‘) 2000 )2 / 2(61137/(1) 2000 )2 +

(ergﬁ) 2000 R1’;71(3) 2000) / 2(01970 2000 )2 (10)

Humpback whale component
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Fin whale component
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Antarctic fur seal component

LLabun - (ln N f9’§10 —In N 1?9,1340)2/ 2(61861340)2 +
(lan;;’é - lnﬁlsééle)z/z(o'f‘é%)z +
(lnN1991 1an991)2/2(0'1991)2 (14)

s _ s, A ns,A / s, A
LLy,, = (R1958—1971 - R1958—197l)2 2(61958—1971)2 +
s, A4 ns,A / s,A4
(R1977 —1991 ~ Rig77 _1991 )Z 2(0'1977 ~1991 )z +
5,4 s, A / s, 4
(R199172000 = Ry$51 2000 )2 2(0199172000 )2 (15)

Crabeater seal component
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where cé’“ is the CV of the observed abundance (or
abundance trend) of species j in region a in year(s)
y; and R] is the rate of increase of species j in
region a frorn year y; to year y, which is calculated
from the equation:

1
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Biological parameters

Details of the plausible bounds imposed on the
parameters to be estimated are provided in Table 5°.
Computations were conducted using the ADMB
package, which treats this information as provid-
ing boundaries for uniform priors for each of these
parameters, so that the estimates ultimately pro-
vided can be considered either as maximum likeli-
hood estimates or as the modes of Bayesian posteri-
ors. The range for r* was selected on the same basis
as in Mori and Butterworth (2004), and ranges for
the other parameters were chosen based on various
sources of information available to date.

Values for the input parameters B*® and n/“ (see
Table 6) were chosen so that the resultant popula-
tions’ trajectories are able to reflect the patterns
evident from available data. Note in particular that
the apparent greater suitability of the Atlantic for

Given that the model developed here is age-aggregated rather than age-structured, biases can arise between

values of parameters and variables in such models and the observed/actual values of these quantities (that likely
better correspond to age-structured model constructs) (see, for example, Punt, 1989, Figure 2 of which provides
an example of such a bias for biomass estimates). Thus the ranges considered in Table 5 for consumption rates
(for example) may not be the most appropriate for the aggregated model developed here, but it was nevertheless
considered desirable to impose such bounds so as not to stray too far from biological realism.
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blue, fin and humpback whales and of the Pacific
for minke whales is reflected by choosing compara-
tively smaller values for the n parameter for these
respective regions.

Results

Figure 4 shows the ‘reference-case’” model tra-
jectories for krill and their main predators in the
Antarctic when a Type III functional response form
is assumed, and Table 6 shows the values of the
input and estimated parameters for this reference
case and for six sensitivity scenarios detailed below.
Convergence proved difficult to achieve if estima-
tion of certain parameters was attempted when
fitting the model to the data, so these were fixed
on input®. Once the fit had converged, a check was
made that the associated initial coexistence equi-
librium was stable. Figure 5 shows the projected
trajectories (up to the year 2500) for this ‘reference-
case’” model under zero future catches for all the
species. Figure 6(a) shows the annual consumption
of krill by each predator in Regions A and P; note
that the relatively greater increase in consump-
tion by minke whales in the latter region arises
from their greater abundance there compared to
the other predator species. Figure 7(a) shows the
annual production of krill itself for each region;
the greater changes in Region A reflect the higher
initial abundances and subsequent much greater
harvests there, particularly of blue and fin whales
(see Figure 3).

Six other scenarios to investigate the sensitivity
of these results were considered. These are as fol-
lows:

1) What if the minke whale abundance esti-
mates from surveys ( Njzs and Nii. ) were
doubled (since there could be some under-
counting of animals, especially in the pack-
ice and as a result of the g(0) = 1 assump-

tion)?

(i) In the light of the environmental changes
that have been reported recently (e.g. de la
Mare, 1997; Gille, 2002; Atkinson et al., 2004),
what if carrying capacity K, of krill was lin-
early reduced to half of its original value
between the mid-1950s and early 1970s (spe-
cific computations assumed the decrease to
commence in 1951 and end in 1970)?

(iii) What if only whales were considered in the
model (i.e. no Antarctic fur and crabeater
seals)?

6 These parameters are M, p" and /.
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(iv)  What if a Type II functional response form
was assumed instead of a Type III form?

(v)  Forthe ‘reference-case’ scenario, whatif crab-
eater seals in Region A had a higher den-
sity-dependent mortality rate (n°?) than is
assumed for that scenario?

(vi)  What if the lower limits of the bounds for the
initial (1780) abundances of crabeater seals
were set higher?

Table 6 shows the values of the input and esti-
mated parameters for these six scenarios. The tra-
jectories of krill and their main predators in the
Antarctic for each of the above sensitivity scenarios
respectively are shown in Mori (2005).

The main feature of the ‘reference-case’ results
of a sharp increase from about 1930, followed by
a decrease in krill biomass in Region A starting
at about 1950 (as shown in Figure 4), does not
change for scenarios (i), (ii) and (vi) detailed above.
However, for scenarios (iii), (iv) and (v), the subse-
quent decrease in krill biomass is not as appreci-
able as for the other scenarios, and consequently
minke whale abundance does not show as marked
a decrease since the 1970s, if indeed it decreases at
all. For the model to reflect minke whales starting
to decrease from about 1970, a fairly large drop in
krill biomass from about the 1950s to the 1990s,
together with a relatively high density dependent
n parameter for this species, is required.

When minke whale abundance is doubled (sce-
nario (i)), the consumption of krill by this species
increases compared to the ‘reference case’ (com-
pare Figures 6a and 6b) but there are no qualita-
tive changes to results. The effect of linearly reduc-
ing K4 to half of its original level between the
mid-1950s and early 1970s results in a marginally
better fit than the ‘reference case’ (compare —InL
in Table 6 for the ‘reference case” and scenario (ii)).
This is mainly due to an improvement in the fit
of the abundance estimate for crabeater seals in
Region A. The high abundances of (and consump-
tion of krill by) crabeater seals, which peak in the
1970s, are somewhat reduced for this scenario.
When the lower limits for the bounds of the ini-
tial abundances of crabeater seals are set higher,
the results do not change qualitatively compared
to the ‘reference case’; however, more recent abso-
lute abundances of crabeater seals are increased in
response to these increases in initial abundance.



Note that for all these scenarios the substantial
changes, particularly in krill abundance, take place
in Region A, with Region P much more stable.

Table 7 lists 95% confidence intervals for the
parameter values estimated, based on the likelihood
profile method. These profiles are compared to the
input ranges for each parameter in Figures 8(a) and
8(b). To aid the reader in determining the extent to
which the data used to fit the model are informative
for estimating these parameter values, the compari-
sons are presented as if they reflected prior and
posterior distributions in a Bayesian context. The
priors are exact representations across the ranges
specified (throughout which values are assumed to
be equally likely); however, the ‘posteriors” are not
exact representations, as they make the assump-
tion that likelihood profiles provide close approxi-
mations to the corresponding posteriors (numeri-
cal convergence difficulties were encountered in
attempting a Markov Chain Monte Carlo (MCMC)
approach to obtain Bayesian posteriors directly).

For the estimates of the numbers of animals for
the initial year considered in this model (i.e. 1780),
these “posterior’ distributions are somewhat nar-
rower than the prior distributions for all the species
considered, although the differences are rather
small for minke whales (Figure 8a). For humpback
whales and Antarctic fur seals in Region A, the con-
fidence intervals for the estimated initial numbers of
these animals are very narrow (Figure 8a, Table 7).
For humpback whales, this could be due to the low
observed abundance estimate for 1997, despite the
high growth rate observed for this species since
1977, which necessitates a high density-dependent
mortality rate parameter n and also allows little
scope for estimates of the initial number for this
species. The low abundance estimate for Antarctic
fur seals in 1930 means that the species must have
been virtually extinct when exploitation ceased in
the 19th century; this, together with the relatively
short period of the harvest, indicates that the cumu-
lative historic catch alone dominates any estimate
of numbers in 1780. The narrow confidence inter-
val for the initial abundance estimate for Antarctic
fur seals probably results from the steep increase
rate in the middle decades of the 20th century that
is indicated by the survey estimates of abundance
(see Table 4).

For the estimates of maximum birth rates, again
the “posterior’” distributions are somewhat nar-
rower than the prior distributions for all species
considered in the model; in all cases, fairly high
maximum birth rates are preferred. For the esti-
mates of natural morality rates, there is not much
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improvement in the ‘posterior” distributions com-
pared to the priors, except for blue and minke
whales and both seal species (Figure 8b).

For maximum consumption rates (the A para-
meters), higher values are preferred in all cases.
For the intrinsic growth rate of krill, the model pre-
fers a low estimate for Region A, but for Region P
the data contain insufficient information to mean-
ingfully update the prior (see Figures 13.13(c) and
13.13(d) of Mori (2005)).

Discussion

The underlying assumptions of the model are:

(1) before the exploitation of seals and whales in
the Antarctic (i.e. in 1780), the species consid-
ered were coexisting in a stable equilibrium;

(2) there is competition both between and within
the species.

This study shows that:
(i) under assumptions (1) and (2) above;

(ii) under scenarios in which the consumption
and birth rates of the predators considered in
the model show a Holling Type III functional
response to krill biomass;

(iii) provided certain biological parameters do lie
in the ranges presumed for them (i.e. within
the bounds specified in Table 5);

then simply by considering the krill-centric major
predator—prey interactions and the available
knowledge concerning the species (including their
harvests by humans), it is possible to broadly repro-
duce the population abundances and trends of the
major predators of krill considered in the model.

The sequence of primary factors indicated to be
driving the dynamics of these major species in the
Antarctic is as follows:

1. Krill biomass increased over the period from
about 1920 to 1950 as a result of a reduction in
predators due to the extensive harvesting of the
large baleen whales (note that earlier seal har-
vests seem to have had only a rather limited
effect).

2. As a result of this increase in krill biomass,
minke whales, crabeater seals and Antarctic fur

229



Mori and Butterworth

seals increased: minke whales primarily during
the period from 1930 to 1970, with the seals fol-
lowing a little later.

3. By about 1950, krill biomass had almost reached
its carrying capacity, but due to the increase in
consumption by the expanding minke whale
and seal populations, it started to drop again.

4. Finally, following this decline in krill biomass
and because of high density-dependent mortal-
ity effects, predators such as minke whales and
crabeater seals (which originally benefited from
the earlier krill increase) started to decrease
from around 1970, while the larger baleen
whale species (by that time fully protected)
commenced recovery.

Theimportantkey features required of themodel
to enable minke whales to decrease from around
1970 are first the drop in krill biomass from around
the 1950s to the 1990s, and secondly a relatively high
density-dependent mortality rate (n parameter) for
this species. When only baleen whales and krill are
included in the model (scenario (iii)), no success
has been achieved in attempting to find a combina-
tion of parameters for which krill abundance starts
to decrease from around the 1950s to the extent that
then causes minke whales to start to decrease from
around 1970. This is because the increase in minke
whale abundance and the associated greater con-
sumption of krill by this species is not sufficient to
counter the increase in krill biomass resulting from
the harvesting of the larger baleen whales. This is
evident from Figure 6, which shows that it is the
increases in other krill predators, such as crabeater
seals, that are essential to give rise to the appreci-
able reduction in minke whales since about 1970
that is indicated by VPA assessments (Butterworth
etal., 1999, 2002; Mori and Butterworth, 2005).

Furthermore, the assumption of a Holling Type
III functional response form also seems to be critical
to obtain such a trajectory for minke whales. This
is because when a Holling Type II form is assumed,
crabeater seals do not increase as rapidly as for a
Type III form, so that krill biomass does not drop
sufficiently from the 1950s to the 1990s for minke
whales to start to decrease from around 1970.

The following sub-sections address the plausi-
bility of the underlying assumptions of the model
and the suggested factors listed above as driving
the dynamics of the species in the Antarctic.
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Plausibility of the underlying assumptions
of the model

(1) Before the exploitation of the seals and
whales in the Antarctic, the species
were in stable equilibrium

Naturally there are no independent observa-
tions available from this period which would allow
this assumption to be validated directly. However,
in circumstances where estimable parameters are
numerous but data limited, there would seem to be
justification in imposing this simple and plausible
constraint which limits the feasible space for the
estimable parameters.

(2) Existence of competition between
and within species

Most ecologists recognise two forms of compe-
tition. One is called ‘exploitation competition” and
the other ‘interference competition’. Exploitation
competition is defined as competition in which any
adverse effects on an organism are brought about
by reductions in resource levels caused by other
competing organisms. Interference competition,
in contrast, is competition between two organisms
in which one physically excludes the other from
a portion of habitat and hence from the resources
that could be exploited there (Begon et al., 1999).

For ‘exploitation competition” to exist, the
resources in question must be in limited supply.
The observations/inferences of increases in minke
whales, crabeater seals and some seabirds (none of
which had been subject to earlier human harvest)
over about the 1940s to the 1970s, indirectly sup-
port this assumption of a limited supply of krill to
krill predators, as they link plausibly to the postu-
late of competitive release following the overhar-
vesting of the larger baleen whales. Indeed results
in Table 6 and Figure 4 suggest that these whales
were ‘overexploiting’ krill by ‘harvesting’ it at
below its MSYL.

In regard to the possibility of ‘interference com-
petition” between the baleen whales, Clapham and
Brownell (1996) suggest that there are several rea-
sons to believe that at least interference competi-
tion between baleen whales may in most cases
be minimal, even if a resource limitation applies.
They argue first that this is because a principal
mechanism for this type of competition among
other taxa is establishment and defense of terri-
tories, yet it appears that most mysticetes are not
territorial animals. They also suggest that there
are hardly any observations of such competition
in the field for baleen whales. Recent observations



of direct competition (fighting) between killer and
sperm whales in thieving Patagonian toothfish
from longlines in fisheries off both Marion Island
and South Georgia (Kock et al., 2006; C. Heinecken,
Capricorn Fisheries Monitoring, pers. comm.) pro-
vide a counter-example to these arguments, though
admittedly such competition is between, rather
than within, species.

The model developed here includes both
exploitation competition (through the functional
response postulated for krill consumption) and
interference competition in the form of the density-
dependent mortality terms (with their associated n
parameters). The latter are a mathematical necessity
to admit non-trivial coexistence equilibria, and are
relatively easy to motivate for seals on the grounds
of breeding site limitations. For baleen whales,
however, though clearly the n parameters play an
important role in having the model fit the data, the
biological justification is more difficult given the
arguments of Clapham and Brownell (1996). Some
possible explanations are that:

(i) the intra-species effect is subtle and occurs
only at high levels of abundance not recently
evident in the Antarctic;

(ii) what has been modelled here may be a sur-
rogate for inter-species interference, of which
recent observations of increased humpback:
minke whale abundance ratios in Area IV con-
current with a drop in stomach fullness and
blubber thickness for minke whales (Konishi
and Tamura, 2005; Tamura and Konishi, 2005)
may constitute indirect evidence;

(iii) the effect is principally operative at a calf sur-
vival level, i.e. there are limitations on pre-
ferred calving/weaning locations for these
animals, as suggested by observed increases in
the spatial extent of the distribution of calving
whales as the South African right whale popu-
lation has recovered (Best, 1981).

As mentioned earlier, the density-dependent
term involving the n parameter, introduced into
the predator dynamics equation (2), can be consid-
ered as a modifier of some combination of overall
natural death rate and birth-plus-calf-survival rate.
Figure 9 plots time trajectories for predator natu-
ral mortality rates for the ‘reference case’ under
the assumption that this term contributes in its
entirety to a time-variable natural mortality rate
(M;f;” ) where:
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M) =M +q/“N]*. (17)

Figure 9 indicates that the annual A"fl;f;” are ini-
tially in the range of 0.04-0.10 per year for all spe-
cies considered except for humpback whales. For
these whales, this rate is much higher (=0.16 per
year), and (to the extent that this value is realistic)
would probably be more reflective of lower calf
survival or pregnancy rates than of a high over-
all natural mortality rate. A major feature of these
plots is the large drop in M for humpback whales
once their numbers were reduced by harvesting,
thus allowing for a potentially rapid recovery rate.
The increases in M for minke whales and crabeater
seals over the middle decades of the 20th century
in both regions lead to an arrest of the increases in
abundance in these populations in response to the
krill surplus before there has been any appreciable
recovery of the larger baleen whales.

Plausibility of the estimates for factors
suggested to be driving the dynamics
of the species in the Antarctic

Plausibility of the estimated magnitude
of krill biomass

The long-term trend in krill biomass estimated
by the reference-case model suggests that the ini-
tial krill biomass under unexploited coexistence
was around 150 million tonnes, which then gradu-
ally increased to about 700 million tonnes during
the first half of the 20th century (with virtually all
this increase occurring in Region A), after which it
declined again to around 200 to 300 million tonnes
in recent years.

Estimating the abundance of krill has been a
very difficult task because of its wide distribution
in an environment in which surveys are expensive
and difficult, particularly as during winter most of
the ocean in these regions is covered with pack-ice.
Furthermore, the uneven distribution of krill and
its occurrence in patches of various sizes, ranging
from hundreds of metres in diameter and several
metres thick, to 12 km in diameter and 230 m thick,
makes such abundance estimation even more dif-
ficult.

Nonetheless, various attempts have been made
to estimate the abundance of krill using different
techniques,and theseestimatesvarybetween 14 and
700 million tonnes (Miller and Hampton, 1989). A
recent study by Voronina (1998) estimated the total
krill biomass to be 272 million tonnes based on pub-
lished data and using a map of quantitative krill
distribution compiled from commercial trawling
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made by Soviet fishing and research vessels. Nicol
et al. (2000) calculated circumpolar abundance esti-
mates for krill using: (i) historical information on
the overall range of krill; and (ii) recent measure-
ments of krill density from various acoustic sur-
veys. They suggest circumpolar krill abundance to
be in the range of 60 to 155 million tonnes. There are
various uncertainties associated with acoustic sur-
vey methods, however, as are well summarised in
Hewitt and Demer (2000). The calculation by Nicol
et al. (2000) required some extrapolation of density
estimates to unsurveyed areas (which correspond
to 67% of the whole distributional range of krill
as they define this). Moreover, taking account of
the large inter- and intra-annual variability of krill
abundance shown around Elephant Island (Hewitt
and Demer, 1994) and South Georgia (Brierley et
al., 1999, 2002), it seems reasonable to the authors
to argue that this abundance estimate of krill could
cover a range of several hundred million tonnes.

More recently, Hewitt et al. (2002) estimated
the total abundance of krill in the Scotia Sea to be
44.3 million tonnes based on data from an inter-
national echosounder and net survey; however, a
reanalysis of these data by Demer and Conti (2005),
which incorporated recent improvements in the
characterisation of krill target strength, suggested
that these improvements will lead to a krill bio-
mass estimate that is nearly 2.5 times greater. Such
an adjustment would raise the estimate by Nicol et
al. (2000) to about 150 to 400 million tonnes. This is
quite compatible with estimates from the reference-
case population model in the 200-300 million tonnes
range, and would also seem to exclude sensitivity
scenarios (iii) and (iv) considered earlier where
respectively ignoring seal predators or assuming
Type II functional responses suggest recent krill
biomass to be in the 700-800 million tonnes range.
Unfortunately, there are no direct observations that
allow the plausibility of the estimate of 700 mil-
lion tonnes of krill biomass in the mid-20th century
that is suggested by the reference-case model to be
assessed. However, consideration of information
on relative trends in krill biomass could potentially
provide some insight into the possible magnitude
of krill biomass in those previous years, and is
addressed below.

Plausibility of the predicted biomass
trend estimate of krill

Despite the broad distribution and several areas
of high concentration of krill in the Antarctic, long-
term sequences of surveys of krill abundance have
been conducted only in the vicinities of Elephant
Island and South Georgia. In these areas, acoustic
survey information as well as net sampling data
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have been collected and there are long-term den-
sity estimates of krill in these regions commenc-
ing about 1980. Hewitt and Demer (1994) show
trends in density estimates of krill over the period
from 1981 to 1993 obtained from acoustic surveys
around Elephant Island, and Brierely et al. (1999)
show these for South Georgia over the period from
1981 to 1998. In both areas, no persistent trend in
krill abundance is evident over these periods. In
the Elephant Island region, net sampling of krill
has also been conducted for more than 20 years,
commencing in 1977. Methods for calculating the
density estimates of krill from net sampling have
changed from year to year, and Siegel et al. (1998)
point out that estimates obtained in this way are
probably biased by net avoidance behaviour by
krill, and are thus too low. The frequency of sam-
pling as well as the spatial extent of survey areas
have not been consistent over the survey period
(sampling was less frequent in the early years), and
it is accordingly difficult to conclude from these
data whether there was any appreciable trend in
krill density between 1977 and 2000 in the Elephant
Island region. Moreover, these areas where consec-
utive surveys have taken place correspond to only
a tiny fraction of the total distribution area for krill,
so that estimating any trends in circumpolar krill
abundance remains problematic.

A recent study by Atkinson et al. (2004) com-
bined all available scientific net sampling data
from 1926-1939 and 19762003 in order to examine
spatial and temporal changes in krill distribution.
They found that the productive southwest Atlantic
Ocean sector contains >50% of the Southern Ocean
krill abundance, but that here the density has
declined since the 1970s. By regressing winter sea-
ice duration against krill density, they postulate
that there is a positive relationship between the
two.

However the primary question here involves
the long-term trend in krill biomass over the
period from 1930 to 1970, where the reference-case
model predicts an initial increase in krill biomass,
followed by a drop since the 1950s. According to
Atkinson (pers. comm.), comparison of krill abun-
dance between the period 1926-1939 and the post-
1976 era is not possible for three reasons: first, there
are statistical problems in comparing two data
series of different lengths with a long gap between
them; secondly, there are comparatively few hauls
in the modern era with nets of similar type to the
past; and finally, there is possible evidence that the
behaviour of krill (i.e. its vertical distribution) has
changed since the earlier period, which renders it
difficult to make a valid comparison of abundances,
particularly as a result of possible consequential
changes in net avoidance.



Thus, from the information available, there is
some confirmation of a decline in krill biomass in
more recent years as is indicated by the reference-
case model, but whether this is part of some
monotonic decline over the whole 20th century,
or a decline which occurred only after an increase
in krill biomass earlier in the century as the model
indicates, cannot be directly resolved.

The reference-case model, and also scenarios (i),
(ii) and (vi), do indicate substantial increases in krill
production (as well as abundance) in Region A,
starting from about 1920 (Figure 7). These models
indicate that in the absence of human exploita-
tion, natural predators ‘harvest” krill sufficiently
heavily in this region that its biomass drops well
below the overall (predator consumption included)
MSY level. Krill productivity thus increases when
human harvests of predators lead to a reduction in
predator-induced mortality of krill. This does, of
course, imply that in the pre-exploitation situation,
krill is ‘cropped down’ by predators to the extent
that it cannot make full use of all the available pri-
mary productivity, which presumably therefore
feeds back more directly to detritus (e.g. via salps
perhaps).

This implication that krill fails to make full
use of the available primary productivity is sup-
ported by the results of Holm-Hansen and Huntley
(1984), who assessed the food requirements of krill
in the Scotia Sea. The mean krill biomass in the
upper 200 m of the water column was estimated
at 10.6 mg dry wt m™ and this was calculated to
require a food ration of 0.105-0.211 mg C m= day~.
The corresponding value for krill in a super-swarm
off Elephant Island was 2.4-5.4 mg C m~ day~'. On
the other hand the phytoplankton (which is the pri-
mary prey of krill) productivity for the upper 200 m
in the Scotia Sea and the super-swarm area was
estimated to be 4.8 and 4.2 mg C m~ day! respec-
tively. On this basis it would appear that there
was ample phytoplankton to provide for the food
requirements of krill. Holm-Hansen and Huntley
(1984) estimated that krill in the super-swarm were
consuming between 58 and 81% of the daily pro-
duction, and that the krill population in the Scotia
Sea as a whole on average consumed only between
2.5 and 3.5% of the daily primary production.
Miller et al. (1985) came to a similar conclusion for
the Indian Ocean sector.

Difference between Laws’ (1977) estimate
of 150 million tonnes of ‘surplus’ krill
and this analysis

Laws (1977) suggested that following the exploi-
tation of large baleen whales in the Antarctic, some
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150 million tonnes of ‘surplus’ annual production
of krill became available for other krill-feeding
predators, such as minke whales, crabeater seals,
fur seals, penguins and some albatrosses. This esti-
mate of 150 million tonnes was based on coarse
estimates of the population sizes of baleen whales
which represented the consensus of whale biolo-
gists at that time, estimates of mean body weight,
and the assumption that baleen whales feed on
krill at 3-4% of their body mass per day (Table 8).
However, the reference-case estimate of consump-
tion of krill by large baleen whales in the Antarctic
shown in Figure 6 suggests much less consumption
of krill by the large baleen whales prior to their har-
vesting: approximately 50 million tonnes per year.

Table 8 provides a detailed comparison of the
consumption of krill as estimated by Laws (1977)
and in this study. The main reason for the difference
in the estimated consumption by baleen whales
from these two studies is their different assump-
tions for predator consumption rates in relation
to the biomasses of their prey. In Laws (1977) it is
assumed that the amounts of krill consumed per
capita by whales are independent of the biomass
of krill. In other words, predators each consume
a certain amount of krill regardless of the amount
of prey available. This assumption seems extreme,
since it is likely to be more difficult for the preda-
tors to find krill when the krill biomass is low (per-
haps due to smaller patch sizes or fewer patches,
for example) compared to a situation where a large
amount of krill is available. The model developed
in this study includes Holling Type III functional
response forms, which incorporate the effect of the
dependence of consumption on prey biomass, and
suggest that immediately before the onset of large-
scale commercial whale harvesting, the predators
were competing for krill at a relatively low level of
krill biomass so that their per-capita consumption
rates were reduced. Further reasons for the differ-
ences are that the model developed here estimates
a lower pre-exploitation abundance of fin whales
(see further remarks below) than that assumed by
Laws (1977), and that though minke whales are
now estimated to be larger in number, they are no
longer thought to feed throughout the year on krill
as Laws (1977) assumed. It should also be noted
that the modelling framework in this study takes
account of the fact that krill productivity changes
with krill abundance, as discussed above.

Interesting inferences can also be drawn about
the discrepancies in abundance estimates of krill
obtained from acoustic methods and from esti-
mates of predator consumption linked to assumed
productivity /biomass ratios for krill. Miller and
Hampton (1989) and Nicol et al. (2000) both found
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a major discrepancy between the abundance esti-
mates for krill obtained by these two methods
(those obtained from acoustic surveys are much
smaller than the ones calculated from predator
consumption), and suggested that this discrep-
ancy may be caused by: (i) bias in acoustic studies,
(ii) the possibility of large krill population compo-
nents that are either too deep, too shallow or too
dispersed to be detected, and/or (iii) an overesti-
mation of the demand for krill by predators. The
results from the reference-case model lend support
to the last of these suggestions: overestimation of
the demand for krill by predators, calculations of
which often ignore the likely dependence of preda-
tor consumption rates on krill abundance.

Plausibility of the predicted increase
rates of, and consumption of krill by,
minke whales and crabeater seals

The annual increase rates in the abundance of
minke whales and crabeater seals from 1940 to 1970
in Region A for the reference-case model are 4%
and 9% respectively. Mori and Butterworth (2005)
infer the increase rate in minke whale recruitment
to be 5% per year for the period between 1945 and
1970, based on the data available for this species in
Areas IV and V (indeed, this can be considered as
an independent verification of a prediction of the
reference-case model, as this increase rate was not
amongst the trend information included when fit-
ting the model - see Table 4). This suggests that the
4% per year increase for minke whales indicated by
the reference case is quite plausible. Although there
are no comparable consecutive abundance esti-
mates for crabeater seals, it does not seem unrealis-
tic to suggest that this species increased at a rate of
9% per year, given that other seal populations have
shown increase rates of this magnitude or higher.
Analysis of data for the age-at-sexual-maturity of
minke whales and crabeater seals discussed in the
‘Introduction’ section indicates a decrease in age-
at-sexual-maturity within this period, which is
an expected response to greater food availability
and would contribute to an increase in population
growth rate.

Although an annual increase rate of 9% for crab-
eater seals may not seem unrealistic, the increase
in the amount of consumption of krill by this
species in Region A as shown in Figure 6 is sub-
stantial (exceeding, for example, the estimated
pre-exploitation consumption by blue whales),
and raises plausibility concerns. When the possible
effect of environmental change (K4 for krill linearly
reduced to half of its original value between
the mid-1950s and early 1970s - sensitivity
scenario (ii)), this large increase in consumption
of krill by crabeater seals is lowered by about
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65% as also shown in Figure 6. Thus whether or
not a poorer environment needs to be postulated
in addition to species interaction effects to explain
predator population trends in the Antarctic rests
primarily on the extent of an increase in crabeater
seal abundance that is considered to be realistic.

Plausibility of the estimated fur seal
population trend

The model suggests (Figure 4) that fur seals
were virtually extirpated by 1830, persisted for the
next century in very low numbers, and have been
in meaningful recovery only since about 1960. This
result is driven primarily by the very low 1930 pop-
ulation estimate for this species (see Table 3). The
functional response forms and density-dependent
mortality terms of the model act in such a way
that fur seals can commence recovery only once
the depletion of the large baleen whale species by
harvesting has enabled krill abundance to increase
considerably.

Effect of other krill predators
not included in the model

It is important to bear in mind that although
not included in this model, some other krill pred-
ators such as Adélie penguins, chinstrap pen-
guins (P. antarctica) and macaroni penguins also
increased during the period from 1950 to the 1970s
(Croxall, 1992; Croxall et al., 2002). Adélie pen-
guins on the western side of Antarctica, and on
the Antarctic Peninsula and its associated island
groups, increased substantially over this period,
and then stabilised or decreased in the 1980s and,
at some sites, in the 1990s (Croxall et al., 2002).
During the late 1970s macaroni penguins at South
Georgia decreased by almost 50% over five years
but have remained stable subsequently (Croxall,
1992). Woehler (1995) estimated total consumption
of crustaceans by penguins in the Antarctic to be
about 14 million tonnes per year.

For squid, Everson (1977) noted that no direct
information is available on either the standing
stock or production of squid, but indirect esti-
mates, based on consumption by predators, sug-
gest that the annual production of squid is in
excess of 17 million tonnes. As squid tend to be
relatively short-lived and have fast growth rates
(Nesis, 1983), Everson (1984) suggested that squid
will have a high efficiency of conversion for the
food they consume, perhaps even of the order of
30-50%, suggesting annual food consumption in
the order of 34-56 million tonnes. As far as fish are
concerned, myctophid biomass in the Antarctic



has been estimated to be 70-200 million tonnes
(Lubimova et al., 1987), although this estimate may
include all myctophids as far north as 40°S. From
these data, Kock (1992) estimated that if a substan-
tial proportion of this biomass is present south of
the South Polar Frontal Zone, then even under
the conservative assumptions that krill makes up
5% of the food by mass, and annual food intake is
5-10 times body mass, an annual krill consump-
tion of 20-35 million tonnes would result, which
means that the total impact of all fish on krill in
the Southern Ocean could be estimated, as a rough
minimum figure, to be about 40-50 million tonnes
(Hureau, 1994). Interestingly, Agnew (pers. comm.)
remarks that the rockcod and icefish populations
that appear to have been present around South
Georgia in the 1970s and early 1980s in high abun-
dance (given the large catches at that time) have not
recovered despite 2-3 decades of little or no exploi-
tation, which suggests that those high levels might
be a further indication of a transient response to a
temporary period of krill surplus.

These estimates for birds, squid and fish are
somewhat coarser than those for baleen whales,
but nevertheless suggest that some of these pred-
ators, at least, did respond to a krill surplus in
the mid-20th century, and furthermore that their
present levels of krill consumption are not insub-
stantial compared to those of whales and seals con-
sidered in the model developed here. In the con-
text of this model, then, results for crabeater seals
should perhaps be considered as reflecting a con-
glomerate of these seals together with some other
seals, birds, squid and fish, thereby rendering the
large krill consumption increase for crabeater seals
in the 1950s and 1960s under the reference case
(Figure 6a) somewhat more plausible (see also dis-
cussion in the section following).

In summary, it seems that the results for the
reference-case model do pass the various plausi-
bility tests, though admittedly by something of
a stretch as regards crabeater seals. Certainly an
assumption of a deterioration in the environment
(modelled as a lessening of the food production
available for krill) assists in improving the plau-
sibility of some model outputs (Table 6), but the
results of the analyses of this paper suggest that
predator population trends can still be explained
without invoking this assumption.

Difficulties with the current model

There are several difficulties with the current
model. First, although information on recent abun-
dances and trend estimates for baleen whales has
become available from sighting surveys, this is still
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relatively limited. In particular, for minke whales
there are no agreed estimates of trends in abun-
dance from sighting surveys (IWC, 2003), so that
the trend estimate from VPA for Areas IV and V
was used in this model, and it was assumed that
the trend for these areas is representative of the
trends in the appreciably larger Regions A and P.
However, this may not be the case: for example in
Areas I and Il where the harvesting of blue whales
was more excessive than in Areas IV and V, minke
whales may have responded differently than in
Areas IV and V. Furthermore, little is known about
the circumpolar abundance and trends for crab-
eater seals, which the model suggests to be play-
ing a key role in the dynamics of the system. The
few data available to fit, compared to the number
of estimable parameters in the model, render the
model’s predictions the less reliable.

It has been found to be very difficult to find
sets of parameter values that will result in a stable
coexistence equilibrium at the time of the first year
considered in the model (i.e. 1780) and also give
a reasonable fit to the data. This becomes under-
standable when one considers the relatively large
number of species considered and their complex
non-linear interactions.

Finwhales are problematicin tworespects. There
is the difficulty of how best to account for the fact
that much of their feeding takes place north of 60°S
and well away from the ice-edge zone preferred by
most of the other species considered. Also there is
the surprising result that the reference-case model
estimates initial fin whale numbers to have been
about the same as blue whales, despite the fact of
the cumulative fin whale catch having been about
twice as large (see Table 2a). The explanation for
this (according to the model) is that since peak fin
whale harvests occurred a little later than for blue
whales, the fin whales were able to take advantage
of the krill ‘released’ by earlier blue whale catches,
so that a greater part of the fin whale catches than
previously assumed reflects enhanced productivity
rather than a fishing down of pristine abundance.
This is reflected in Figure 10, which shows the
per capita growth rate (sustainable yield rate) of
each predator species over time in the absence of
harvesting — note that while the trends shown for
blue and fin whales are similar, increased values
of these per-capita growth rates first occur over a
period when blue whales were already substan-
tially depleted, so could not take full ‘advantage’,
unlike the situation for fin whales. Thus, essentially,
fin whales were the first beneficiaries of the krill
‘surplus’, even before minke whales and crabeater
seals.
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Although the baleen whale abundance esti-
mates of Table 3 that have been used for the analy-
ses presented here apply to the area south of 60°S
(except in the case of fin whales), the model in
principle applies to the region over which the krill
distribution extends. While, for the most part, this
might be taken to be south of 60°S, there are areas,
particularly in the Indian Ocean sector, where this
distribution can extend as far north as 50°S (Miller,
pers. comm.). Interestingly, this corresponds to
a vicinity (the north of Areas III and IVW) where
JSV and IWC/IDCR-SOWER transit data indicate a
relatively high abundance of fin whales (Miyashita
et al., 1995; Best, 2005; Branch, pers. comm.).

Finally, the need to introduce density-dependent
mortality has its less-than-satisfactory aspects, as
the associated n parameters play an important role
in the dynamics of the system, but there is no cur-
rent basis to independently inform on their likely
magnitudes.

Use of the model and where to go
from here

A decline in the area covered by sea-ice, linked
to warming of the Southern Ocean, has been pos-
tulated recently (Gille, 2002; de la Mare, 1997), and
the possible impact of these environmental factors
on the dynamics of the species in the Antarctic
has become a concern. However, in contrast to the
increasing literature on that topic, there have been
hardly any studies that have evaluated the possible
influence of the past extensive harvesting of the
large baleen whales and seals in the Antarctic on
predator—prey dynamics of these species in a quan-
titative way. This is probably due to the lack of
data and difficulties associated with the modelling
as discussed above. However, in order to under-
stand more fully the possible mechanisms that
might be controlling the dynamics of the species
in the Antarctic, it would seem that these effects
should be accorded at least as much attention as
environmental studies, and that the two should
be modelled jointly (i.e. that both top-down and
bottom-up control mechanisms should be consid-
ered together). The results presented in this paper
do not, of course, exclude the possibility that the

7

observed/inferred trends in predator abundances
could be dominated by bottom-up effects, with
predator—prey interactions having little real impact.
However, this raises the question of whether such
bottom-up approaches can account for these trends
in a more plausible and parsimonious manner
without recourse to ad hoc assumptions to account
for the times of the changes in these trends (which
do correspond suggestively to the period of har-
vesting of the large baleen whale species).

Due to the difficulties already mentioned,
this study is not regarded as definitive, but
rather as a first step towards a more realistic and
reliable model of the krill-centric predator—prey
interactions in the Antarcticc which focuses
especially on the interactions between baleen
whales, seals and krill. Continued monitoring of
the abundance and various biological parameters
of the prey and predator species in the Antarctic,
as well as of environmental change and its
effect on the dynamics of these species, will be
essential to improve such models and to be able
to incorporate environmental effects explicitly. In
due course, a move from an age-aggregated to an
age-structured model for the various species might
be justified, and this would allow for the explicit
incorporation of effects such as observed changes
in age-at-maturity. Clearly also, a more systematic
exploration of sensitivity to alternative parameter
choices and the quantification of uncertainties is
desirable. In principle, this is achievable through
a Bayesian estimation approach, but the associated
computations would prove decidedly non-
trivial given the high level of non-linearity in the
model and the fact that the maximum likelihood
estimates of a number of the biological parameters
lie at the boundaries of their specified ranges’.
Furthermore, it would seem advisable to wait for
the availability of the SCAR Antarctic Pack-Ice
Seals Program results for crabeater seal abundance
and culmination of the IWC Scientific Committee’s
plan to provide consolidated advice on southern
hemisphere minke whale abundance estimates and
trends at its 2006 meeting. Finally, and importantly,
consideration needs to be given to including
further predator species that are not included
in the current model, even if only as a lumped

The fact (see Table 6 and Figure 8b) that many birth (n) and natural mortality (M) rate estimates tend towards their

respective maximum and minimum bounds suggests that population trend data ‘seek’ higher natural growth
rates than demographically likely. The reason for preference for higher consumption rate (1) estimates may be
related to the partial confounding of A and krill biomass (B) values in the model. If all feeding rates had saturated
at their maxima when krill biomass is relatively large, then model fits could not distinguish between higher
absolute values of krill abundance and lower A values, and vice versa, as there are no data on krill abundance
available for use when fitting the model. Thus it is only the non-linearities introduced by the Holling Type II
or III functional relationships in equations (1) and (2) that inform (weakly) on the estimates of 2, so that it is not
altogether surprising that all of these tend towards their maximum or minimum bounds.
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variable explicitly representing all such species®.

Prior to doing so, however, a careful evaluation
of the likely biomass of, and krill consumption by,
these other species in comparison to those already
included in the model would assist in focusing
further modelling refinements.

In recent years, the importance of ecosys-
tem-based management of fisheries and wildlife
resources has been recognised worldwide. Both
the 2001 Reykjavik Declaration on Responsible
Fisheries in the Marine Ecosystem and the Plan
of Implementation of the 2002 World Summit on
Sustainable Development highlighted the need in
fisheries to look beyond target species only, and for
management to consider the impacts of fishing on
the ecosystem as a whole as well as the impacts of
the ecosystem on fisheries. The model developed
here may contribute to this as a first step in mod-
elling the major Antarctic predator—prey interac-
tions, which centre on krill and its major preda-
tor species, and clearly it could readily be used
(in principle) to contrast the effects of alternative
harvesting strategies for both krill and its preda-
tors. At this stage, however, knowledge of the vari-
ous biological parameters as well as the functional
response forms for whales and seals is limited, and
this restricts the potential use of such a model in a
practical management context for the time being.
Nevertheless, applying this modelling approach to
IWC Management Areas IV and V, where extensive
data have been collected over the past 20 years dur-
ing the JARPA surveys, may be an appropriate next
step.

Some concluding summary comments

There are many inferences to be drawn from
this work thus far. The following are likely to be
amongst the more interesting and important.

* Species interaction effects alone can account
for likely trends in the abundances of major
Antarctic predator species over the past 50 or
so years, though not without some difficulty.
Accordingly one cannot as yet conclude that the
effects of environmental change in addition are
essential to explain these trends.

* Species interaction effects impact the dynam-
ics of these predators in ways that differ from
what might be anticipated in a conventional
single-species harvesting context, and that con-
sequently need to be better understood and

because of its higher maximum growth rate.

First step towards modelling krill-predator dynamics

taken into account in management decisions.
Fin whales, for example, need to be considered
in the context that they may effectively have
been the first beneficiaries of the krill surplus,
brought about by early heavy harvesting of blue
whales.

It is not sufficient to consider the interactions
between the Antarctic baleen whales and krill
alone. The major seal species, at least, need also
to be taken into account explicitly, and probably
some other predator species in addition.

There are major differences in the historic
dynamics of Region A and P, with appreciable
changes in abundance in the former while the
latter has been relatively stable by comparison.

The severe depletion of fur seals by harvesting
over the turn of the 18th century had quantita-
tively much less impact than that of the larger
baleen whale species during the middle decades
of the 20th century.

Accounting for likely population trends
through species interaction effects suggests that
baleen whale species can manifest relatively
fast dynamics (sustainable yield rates show-
ing maxima mainly closer to 10% than 1%) (see
Figure 10).

Nevertheless, in the absence of future harvest-
ing, blue whales in Region A are predicted to
need some three to four centuries to recover to
their pre-exploitation level (see Figure 5), essen-
tially because they also need to out-compete
other predators which initially recover faster.

Density-dependent mortality is a necessary
feature of the model, but problematic given
the absence of independent bases to inform on
likely values for the associated (n) parameters.

The VPA-based indication of 1970 or thereabout
as the time of maximum minke whale numbers
is difficult to explain within the model, as the
larger baleen whale species have hardly com-
menced recovery at that stage, so that fairly
high values of density-dependent mortality
have to be postulated for minke whales which
consequently are out-competed by seals as krill
abundance starts to decline.

Crabeater seals appear to play a key role in the
dynamics of the system (though this may in

It may, however, prove problematic to include squid in such a grouping, as it could result in faster dynamics
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part reflect the model ‘using’ them also as a sur-
rogate for other bird, squid and fish species not
explicitly included). More reliable information
on abundance and its trend for this species is
a particular priority. A review of the likely bio-
mass of, and consumption of krill by, predators
not as yet included in the model, compared to
the six species which are, would be a desirable
precursor to further modelling which takes
more explicit account of these other species.

e Laws’ (1977) estimate of the krill ‘surplus’ seems
to have been too high, primarily as a result of
his failing to allow for likely decreased feeding
rates given a lower krill abundance prior to the
onset of large-scale commercial whaling in the
Antarctic.

Acknowledgements

Support from the Nakajima Foundation,
Japan, to one of the authors (M. Mori) is grate-
fully acknowledged. The authors also thank many
colleagues, too numerous to list individually, for
discussions and input during the process of devel-
oping this work. This document has been revised
in response to helpful comments received during
discussions of an earlier version (IWC document
SC/57/021) during the June 2005 meeting of the
Scientific Committee of the International Whaling
Commission, and has also benefited from feed-
back from subsequent meetings of the CCAMLR
Working Group on Ecosystem Monitoring and
Management and reviewers David Agnew and
Beth Fulton.

References

Ackley, S.E, J.L. Bengtson, P. Boveng, M. Castellini,
K.L. Daly, S. Jacobs, G.L. Jooyman, ]. Laake,
L. Quetin, R. Ross, D.B. Siniff, B.S. Stewart,
I. Stirline, J. Torres and P.K. Yochem. 2003. A
top-down multidisciplinary study of the struc-
ture and function of the pack-ice ecosystem in
the eastern Ross Sea, Antarctica. Pol. Rec., 39
(210): 219-230.

Ash, C.E. 1962. The Whaler’s Eye. Macmillan, New
York: 245 pp.

Atkinson, A., V. Siegel, E. Pakhomov and P. Rothery.
2004. Long-term decline in krill stock and
increase in salps within the Southern Ocean.
Nature, 432: 100-103.

Bando, T., R. Zenitani, Y. Fujise and H. Kato. 2005.
Biological parameters of Antarctic minke whale

238

based on materials collected by the JARPA sur-
vey in 1987/88 to 2003 /04. Paper JA/]05/]R5 pre-
sented to the JARPA Review Meeting called by
the Government of Japan, January 2005: 14 pp.

Bannister, ].L. 1994. Continued increase in hump-
back whales off Western Australia. Rep. Int.
Whal. Comm., 44: 309-310.

Begon, M., ].L. Harper and C.R. Townsend. 1999.
Ecology: Individuals, Populations and Communities.
Third Edition. Blackwell, Oxford: 1068 pp.

Bengtson, J.L. and R.M. Laws. 1985. Trends in
crabeater seal age at maturity: an insight into
Antarctic marine interactions. In: Siegfried,
WR., PR. Condy and R.M. Laws (Eds). Antarctic
Nutrient Cycles and Food Webs. Springer-Verlag,
Berlin: 669-675.

Best, P.B. 1981. The status of right whales (Eubalaena
glacialis) off South Africa, 1969-1979. Investl.
Rep. Sea Fish. Inst. S. Afr., 123: 1-44.

Best, P.B. 2005. Southern fin whales: The need for
assessment and the role of a future SOWER-
type cruise programme. IWC Document SC/57/
IA13: 7 pp.

Bonner, W.N. 1968. The fur seal of South Georgia.
Br. Antarctic Surv. Sci. Rep., 56: 1-88.

Boyd, L.L. 1993. Pup production and distribution
of breeding Antarctic fur seals (Arctocephalus
gazella) at South Georgia. Ant. Sci., 5 (1): 17-24.

Boyd, I.L., J.P. Croxall, N.J. Lunn and K. Reid. 1995.
Population demography of Antarctic fur seals:
the costs of reproduction and implications for
life-histories. J. Anim. Ecol., 64 (4): 505-518.

Branch, T.A. and D.S. Butterworth. 2001. Estimates
of abundance south of 60°S for cetacean species
sighted frequently on the 1978/79 to 1997/98
IWC/IDCR-SOWER sightings surveys. J. Ceta-
cean Res. Manage., 3 (3): 251-270.

Branch, T.A. and R.A. Rademeyer. 2003. Blue whale
estimates from the IDCR-SOWER surveys:
updated comparisons including results from
the 1998/99 to 2000/01 surveys. J. Cetacean Res.
Manage., 5 (Suppl.): 291-292.

Branch, T.A., K. Matsuoka and T. Miyashita. 2004.
Evidence for increases in Antarctic blue whales
based on Bayesian modeling. Mar. Mamm:. Sci.,
20: 726-743.



Brandado, A., D.S. Butterworth, B.P>. Watkins and
D.G.M. Miller. 2002. A first attempt at an assess-
ment of the Patagonian toothfish (Dissostichus
eleginoides) resource in the Prince Edward
Islands EEZ. CCAMLR Science, 9: 11-32.

Brierley, A.S., ].L. Watkins, C. Goss, M.T. Wilkinson
and I. Everson. 1999. Acoustic estimates of krill
density at South Georgia, 1981 to 1998. CCAMLR
Science, 6: 47-57.

Brierley, A.S., C. Goss, S.A. Grant, ]J.L. Watkins,
K. Reid, M. Belchier, I. Everson, M.]. Jessop,
V. Afanasyev and ]. Robst. 2002. Significant
intra-annual variability in krill distribution and
abundance at South Georgia revealed by mul-
tiple acoustic surveys during 2000/01. CCAMLR
Science, 9: 71-82.

Brown, M.R., M.S. Field, E.D. Clarke, D.S. Butter-
worth and M.M. Bryden. 1997. Estimates
of abundance and rate of increase for East
Australian humpback whales from the 1996
land-based survey at Point Lookout, North
Stradbroke Island, Queensland. IWC Document
SC/49/SH35: 15 pp.

Bushuev, S.G. 1986. Feeding of minke whales,
Balaenoptera acutorostrata, in the Antarctic. Rep.
Int. Whal. Comm., 36: 241-245.

Butterworth, D.S. and H.F. Geromont. 1995. On the
consequences of longitudinal disaggregation of
the Japanese scouting vessel data in the north-
ward extrapolation of IWC/IDCR cruise esti-
mates of abundance of some large whale species
in the Southern Hemisphere. IWC Document
SC/47/SH20: 8 pp.

Butterworth, D.S., A.E. Punt, HF. Geromont,
H. Kato and Y. Fujise. 1999. Inferences on the
dynamics of Southern Hemisphere minke
whales from ADAPT analyses of catch-at-age
information. J. Cetacean Res. Manage., 1: 11-32.

Butterworth, D.S., A.E. Punt, T.A. Branch, Y. Fujise,
R. Zenitani and H. Kato. 2002. Updated ADAPT
VPA recruitment and abundance trend esti-

mates for Southern Hemisphere minke whales
in Areas IV and V. INC Document SC/54/1A25:

20 pp.

Casaux, R., A. Baroni and A. Carlini. 1998. The diet
of the Antarctic fur seal Arctocephalus gazella at
Harmony Point, Nelson Island, South Shetland
Islands. Polar Biol., 20 (6): 424-428.

First step towards modelling krill-predator dynamics

Cherel, Y., C. Guinet and Y. Tremblay. 1997. Fish
prey of Antarctic for seals Arctocephalus gazella
at Ile de Croy, Kerguelen. Polar Biol., 17: 87-90.

Clapham, PJ. and R.L. Brownell Jr. 1996. The
potential for interspecific competition in baleen
whales. Rep. Int. Whal. Comm., 46: 361-367.

Clarke, R. and ].T. Ruud. 1954. The voyage of the
Enern to the Antarctic 1953. Norsk Huvalfangst-
Tidende, 43 (3): 128-146.

Constable, A.J., WK. de la Mare, D.J. Agnew,
I. Everson and D. Miller. 2000. Managing fisher-
ies to conserve the Antarctic marine ecosystem:
practical implementation of the Convention on
the Conservation of Antarctic Marine Living
Resources (CCAMLR). ICES ]. Mar. Sci., 57 (3):
778-791.

Costa, D.P, J.P. Croxall and C.D. Duck. 1989.
Foraging energetics of Antarctic fur seals in
relation to changes in prey availability. Ecology,
70: 596-606.

Croxall, J.P. 1992. Southern Ocean environmental
changes: effects on seabird, seal and whale
populations. Phil. Trans. R. Soc. Lond. B, 358:
319-328.

Croxall, J.P. and M.N. Pilcher. 1984. Density-
dependent pup mortality in the Antarctic fur
seal Arctocephalus gazella at South Georgia. Br.
Antarct. Surv. Bull., 63: 117-125.

Croxall, J.P., PN. Trathan and E.J. Murphy. 2002.
Environmental change and Antarctic seabird
populations. Science, 297: 1510-1514.

Daneri, G.A. 1996. Fish diet of the Antarctic fur seal,
Arctocephalus gazella, in summer, at Stranger
Point, King George Island, South Shetland
Islands. Polar Biol., 16 (5): 353-355.

Daneri, G.A. and N.R. Coria. 1992. The diet of
Antarctic fur seals, Arctocephalus gazella, dur-
ing the summer—autumn period at Mossman
peninsula, Laurie Island (South Orkneys). Polar
Biol., 11: 565-566.

Daneri, G.A., U. Piatkowski, N.R. Coria and
AR Carlini. 1999. Predation on cephalopods
by Antarctic fur seals, Arctocephalus gazella at
two localities of the Scotia Arc, Antarctica. Polar
Biol., 21: 59-63.

239



Mori and Butterworth

de la Mare, W.K. 1997. Abrupt mid-twentieth-
century decline in Antarctic sea-ice extent from
whaling records. Nature, 389: 57-60.

Demer, D.A. and S.G. Conti. 2005. New target-
strength model indicates more krill in the
Southern Ocean. ICES ]. Mar. Sci., 62: 25-32.

Erickson, A.W. and M.B. Hanson. 1990. Continental
estimates and population trends of Antarctic
ice seals. In: Kerry, K.R. and G. Hempel
(Eds). Antarctic Ecosystems: Ecological Change
and  Conservation. Springer-Verlag, Berlin
Heidelberg: 253-264.

Everson, 1. 1977. Theliving resources of the Southern
Ocean. FAO GLO/S0/77/1, Rome: 156 pp.

Everson, I. 1984. Fish biology. In: Laws, R. M. (Ed.).
Antarctic Ecology. Academic Press, London:
491-532.

Findlay, K., M. Mejyer, S. Elwen, D. Kotze,
R.Johnson, P. Truter, C. Uamusse, S. Sitoe,
C. Wilke, S. Kerwath, S. Swanson, L. Staverees
and J.V.D. Westhuizen. 2004. Distribution and
abundance of humpback whales, Megaptera
novaeangliae, off the cost of Mozambique, 2003.
IWC Document SC/56/SH12: 39 pp.

Gille, S.T. 2002. Warming of the Southern Ocean
since the 1950s. Science, 295: 1275-1277.

Green, K., H.R. Burton and R. Williams. 1989. The
diet of Antarctic fur seals Arctocephalus gazella
during the breeding-season at Heard Island.
Ant. Sci., 1: 317-324.

Green, K., R. Williams and H.R. Burton. 1991.
The diet of Antarctic fur seals during the late
autumn and early winter around Heard Island.
Ant. Sci., 3: 359-361.

Green, K., HR. Burton, V. Wong, R.A. Mcfarlane,
A.A. Flaherty, B.C. Pahl and S.A. Haigh. 1995.
Difficulties in assessing population status of ice
seals. Wildl. Res., 22: 193-199.

Guinet, C., P. Jouventin and J.-Y. Georges. 1994.
Long-term population changes of fur seals
Arctocephalus gazella and A. tropicalis on sub-
antarctic (Crozet) and subtropical (St. Paul and
Amsterdam) islands and their possible relation-
ship to El Nino Southern Oscillation. Ant. Sci.,
6: 473-478.

Harding, K.C. and T. Hérkonen. 1995. Estimating
mean age at sexual maturity in the crabeater
seal (Lobodon carcinophagus). Can. J. Fish. Aquat.
Sci., 52: 2347-2352.

240

Hewitt, R.P. and D.A. Demer. 1994. Acoustic esti-
mates of krill biomass in the Elephant Island
area: 1981-1993. CCAMLR Science, 1: 1-5.

Hewitt, R.P. and D.A. Demer. 2000. The use of
acoustic sampling to estimate the dispersion
and abundance of euphausiids, with an empha-
sis on Antarctic krill, Euphausia superba. Fish.
Res., 47: 215-229.

Hewitt, R.P, J.L. Watkins, M. Naganobu,
P. Tshernyshkov, A.S. Brierley, D.A. Demer,
S. Kasatkina, Y. Takao, C. Goss, A. Malyshko,
M.A. Brandon, S. Kawaguchi, V. Siegel,
PN. Trathan, ]J.H. Emery, I. Everson and
D.G.M. Miller. 2002. Setting a precautionary
catch limit for Antarctic krill. Oceanography, 15
(3): 26-33.

Hofmeyr, G.J.G., M.N. Bester and F.C. Jonker. 1997.
Changes in population sizes and distribution
of fur seals at Marion Island. Polar Biol., 17:
150-158.

Holm-Hansen, O. and M. Huntley. 1984. Feeding
requirements of krill in relation to food sources.
J. Crust. Biol., 4 (Spec. Issue No. 1): 156-173.

Hucke-Gaete, R., L.P. Osman, C.A. Moreno and
D. Torres. 2004. Examining natural popula-
tion growth from near extinction: the case of
the Antarctic fur seal at the South Shetlands,
Antarctica. Polar Biol., 27: 304-311.

Hureau, J.C. 1994. The significance of fish in the
marine Antarctic ecosystems. Polar Biol., 14:
307-313.

Ichii, T. and H. Kato. 1991. Food and daily food
consumption of southern minke whales in the
Antarctic. Polar Biol., 11: 479-487.

IWC (International Whaling Commission). 1991.
Report of the Sub-Committee on Southern
Hemisphere minke whales. Rep. Int. Whal.
Comm., 41: 113-131.

IWC (International Whaling Commission). 2003.
Report of the Sub-Committee on the compre-
hensive assessment of whale stocks — in-depth
assessments. J. Cetacean Res. Manage., 5 (Suppl.):
248-292.

IWC (International Whaling Commission). 2004.
Report of the Sub-Committee on other Southern
Hemisphere whale stocks. J. Cetacean Res.
Manage., 6 (Suppl.): 246-271.



Johnston, S.J. and D.S. Butterworth. 2005a. A Bay
esian assessment of the west and east Australian
breeding populations (stocks D and E) of
Southern Hemisphere humpback whales. IWC
Document SC/57/SH15: 25 pp.

Johnston, S.J. and D.S. Butterworth. 2005b. A
Bayesian assessment of breeding stocks B, C and
G of Southern Hemisphere humpback whales
using a prior for growth rate from analyses for
stocks D and E. IWC Document SC/57/SH16:

14 pp.

Kasamatsu, F. 2000. Kujira no seitai. Kou-
seishakouseikaku, Tokyo, Japan: 230 pp. (in
Japanese).

Kato, H. 1983. Some considerations on the decline
in age at sexual maturity of the Antarctic minke
whale. Rep. Int. Whal. Comm., 33: 393-399.

Kato, H. and Y. Shimadzu. 1986. Feeding rate of the
Southern minke whales (Abstr). Ninth NIPR
Symp. on Polar Biol.,, Tokyo, December 3-5,
1986 (in Japanese).

Kawamura, A. 1994. A review of baleen whale
feeding in the Southern Ocean. Rep. Int. Whal.
Comm., 44: 261-272.

Kirkman, S.P, W. Wilson, N.T.W. Klages, M.N.
Bester and K. Isaksen. 2000. Diet and estimated
food consumption of Antarctic fur seals at

Bouvetoya during summer. Polar Biol.,, 23:
745-752.

Klages, N-T.W. and M.N. Bester. 1998. Fish prey
of fur seals Arctocephalus spp. at subantarctic
Marion Island. Mar. Biol., 131: 559-566.

Kock, K.-H. 1992. Antarctic Fish and Fisheries. Cam-
bridge University Press, Cambridge: 359 pp.

Kock, K.-H., M.G. Purves and G. Duhamel. 2006.
Interactions between cetaceans and fisheries in
the Southern Ocean. Polar Biol., 28 (in press).

Konishi, K. and T. Tamura. 2005. Yearly trend of
blubber thickness in the Antarctic minke whale
Balaenoptera bonaerensis in Areas IV and V. Paper
JA/JO5/]R9 presented to the JARPA Review
Meeting called by the Government of Japan,
January 2005: 9 pp.

Laws, R M. 1962. Some effects of whaling on the
southern stocks of baleen whales. In: Le Cren,
E.D. and M.W. Holdgate. (Eds). The Exploitation
of Natural Animal Populations. Blackwell Science,
Oxford: 137-158.

First step towards modelling krill-predator dynamics

Laws, R.M. 1977. Seals and whales of the Southern
Ocean. Phil. Trans. R. Soc. Lond. B, 279: 81-96.

Laws, RM. 1984. Seals. In: Laws, R.M. (Ed.).
Antarctic Ecology, 2. Academic Press, London:
621-716.

Levitus, S.,J.I. Antonov, T.P. Boyer and C. Stephens.
2000 Warming of the world ocean. Science, 287:
2225-2229.

Lubimova, T.G., K.V. Shust and V.V. Popov. 1987.
Some features of the ecology of mesopelagic
fish of the family Myctophidae in the Southern
Ocean. In: Biological Resources of the Arctic
and Antarctic. Nauka, Moscow: 320-337 (in
Russian).

Mackintosh, N.A. 1942. The southern stocks of
whalebone whales. Discovery Rep., 22: 197-300.

Mackintosh, N.A. and J.EG. Wheeler. 1929.
Southern blue and fin whales. Discovery Rep., 1:
257-540.

Matsuoka, K., T. Hakamada, H. Murase and
S. Nishiwaki. 2004. Current abundance esti-
mates of humpback and fin whales in the
Antarctic Areas IIIE, IV, V and VIW (35°E-
145°W). IWC Document SC/56/SH11: 33pp.

Matsuoka, K., T. Hakamada, H. Kiwada, H. Murase
and S. Nishiwaki. 2005. Abundance increases of
large baleen whales in the Antarctic based on
the sighting survey during Japanese Whaling
Research Program (JARPA). Glob. Enuviron.
Res., 9 (2): 105-115.

McCann, T.S. and D.W. Doidge. 1987. Antarctic fur
seal Arctocephalus gazella. In: Croxall, ]J.P. and
R.L. Gentry (Eds). Status, Biology and Ecology of
Fur Seals. NOAA Tech. Rep. NMFS, 51: 5-8.

Miller, D.G.M. 2002. Antarctic krill and ecosystem
management — from Seattle to Siena. CCAMLR
Science, 9: 175-212.

Miller, D.G.M. and I. Hampton. 1989. Biology and
ecology of the Antarctic krill (Euphausia superba
Dana): a review. BIOMASS Sci. Ser., 9: 166 pp.

Miller, D.G.M,, I. Hampton, J. Henry, R W. Abrams
and J. Cooper. 1985. The relationship between
krill food requirements and phytoplankton
production in a sector of the Southern Indian
Ocean. In: Siegfried, W.R.,, PR. Condy and
R.M. Laws (Eds). Antarctic Nutrient Cycles and
Food Webs. Springer-Verlag, Berlin Heidelberg:
362-371.

241



Mori and Butterworth

Miyashita, T., H. Kato and T. Kasuya. (Eds). 1995.
Worldwide Map of Cetacean Distribution based on
Japanese Sighting Data (Vol. 1). National Research
Institute of Far Seas Fisheries, Shimizu: 140 pp.

Mori, M. 2005. Modelling the Krill-Predator Dynamics
of the Antarctic Ecosystem.Ph.D. thesis, University
of Cape Town: 302 pp.

Mori, M. and D.S. Butterworth. 2004. Consideration
of multispecies interactions in the Antarctic: a
preliminary model of the minke whale-blue
whale-krill interaction. Afr. J. Mar. Sci., 26:
245-259.

Mori, M. and D.S. Butterworth. 2005. Some
advances in the application of ADAPT-VPA to
minke whales in Areas IV and V. IWC Document
SC/57/1A17: 27 pp.

Nemoto, T. 1959. Food of baleen whales with
reference to whale movements. Sci. Rep. Whales
Res. Inst., 14: 149-290.

Nemoto, T. 1970. Feeding pattern of baleen whales
in the ocean. In: Steele, J.H. (Ed.). Marine Food
Chains. University of California Press, Berkeley
and Los Angeles: 241-252.

Nesis, K.N. 1983. Dosdicus gigas. In: Boyle, PR. (Ed.).
Cephalopod Life Cycles: Comparative Reviews,
Vol. 1. Academic Press, London: 215-231.

Nicol, S. and W. de la Mare. 1993. Ecosystem
management and the Antarctic krill. Am. Sci.,
81: 36-47.

Nicol, S. and Y. Endo. 1999. Krill fisheries:
development, management and ecosystem
implications. Aquat. Living Resour., 12 (2):
105-120.

Nicol, S. and ]. Foster. 2003. Recent trends in the
fishery for Antarctic krill. Aquat. Living Resour.,
16: 42-45.

Nicol, S., A.J. Constable and T. Pauly. 2000. Estimates
of circumpolar abundance of Antarctic krill

based on recent acoustic density measurements.
CCAMLR Science, 7: 87-99.

Ohsumi, S. 1979. Feeding habits of the minke whale
in the Antarctic. Rep. Int. Whal. Comm., 29:
473-476.

Ohsumi, S., Y. Fujise, H. Ishikawa, T. Hakamada,
R. Zenitani and K. Matsuoka. 1997. The fattyness
of the Antarctic minke whale and its yearly
change. IWC Document SC/M97/18: 21 pp.

242

Qritsland, T. 1977. Food consumption of seals
in the Antarctic pack ice. In: Llan, G.A. (Ed.).
Adaptations within Antarctic Ecosystems. Smith-
sonian Institution, Washington, DC: 749-768.

Payne, M.R. 1977. Growth of a fur seal population.
Phil. Trans. R. Soc. Lond. B, Biol. Sci. 279: 67-79.

Payne, M.R. 1979. Fur seals Arctocephalus tropicalis
and Arctocephalus gazella crossing the Antarctic
Convergence at South Georgia, South Atlantic
Ocean. Mammalia, 43: 93-98.

Punt, A.E. 1989. Bias and variance of catch-effort
based model estimation procedures used in
the management of the ICSEAF hake stocks — a
preliminary comparative investigation. Sel. Pap.
ICSEAF Int. Comm. SE. Atl. Fish., 1: 39-54.

Rademeyer, R.A., A. Branddo, M. Mori and
D.S. Butterworth. 2003. Trends in Antarctic
blue whale populations taking account of area
effects or: A response to Joe Horwood, 1990,
RIWS 40: 47, footnote 2. IWC Document SC/55/
SH20: 17 pp.

Reid, K. 1995. Diet of Antarctic fur seals
(Arctocephalus gazella Peters 1875) during winter
at South Georgia. Ant. Sci., 7 (3): 241-2409.

Reid, K. and ]J.PYY. Arnould. 1996. The diet of
Antarctic fur seals Arctocephalus gazella during
the breeding season at South Georgia. Polar
Biol., 16 (2): 105-114.

Reid, K. and ]J.P. Croxall. 2001. Environmental
response of upper trophic-level predators
reveals a system change in an Antarctic marine
ecosystem. Proc. R. Soc. Lond. Ser. B, 268:
377-384.

SCAR. 2000. Report of the Meeting of the SCAR
Group of Specialists on Seals. Document
SC-CAMLR-XIX/BG/16. CCAMLR, Hobart,
Australia.

SC-CAMLR. 2001. Report of the Twentieth Meeting
of the Scientific Committee (SC-CAMLR-XX).
CCAMLR, Hobart, Australia: 577 pp.

SC-CAMLR. 2004. Report of the Working Group
on Ecosystem Monitoring and Management.
In: Report of the Twenty-third Meeting of the Scien-
tific Committee (SC CAMLR-XXIII), Annex 4.
CCAMLR, Hobart, Australia: 141-337.

Shaughnessy, P.D. and S.D. Goldsworthy. 1990.
Population size and breeding season of the
Antarctic fur seal Arctocephalus gazella at Heard
Island — 1987 /88. Mar. Mamm. Sci., 6: 292-304.



Siegel, V., V.Loeband]. Groger. 1998. Krill (Euphausia
superba) density, proportional and absolute
recruitment and biomass in the Elephant Island
region (Antarctic Peninsula) during the period
1977 to 1997. Polar Biol., 19 (6): 393-398.

Tamura, T. 2003. Regional assessments of prey
consumption and competition by marine
cetaceans in the world. In: Sinclair, M. and
G. Valdimarsson. (Eds). Responsible Fisheries in
the Marine Ecosystem. FAO and CABI Publishing:
143-170.

Tamura, T. and K. Konishi. 2005. Feeding habits and
prey consumption of Antarctic minke whales,
Balaenoptera bonaerensis in JARPA research
area. Paper JA/J05/|R8 presented to the JARPA
Review Meeting called by the Government of
Japan, January 2005: 24 pp.

Thomson, R.B.,, D.S. Butterworth and H. Kato.
1999. Has the age at transition of Southern
Hemisphere minke whales declined over recent
decades? Mar. Mamm. Sci., 15: 661-682.

Turchin, P. 2002. Complex population dynamics:
a theoretical/empirical synthesis. Monographs
in Population Biology, 35. Princeton University
Press: 456 pp.

Voronina, N.M. 1998. Comparative abundance
and distribution of major filter feeders in the
Antarctic pelagic zone. J. Mar. Sys., 17: 375-390.

First step towards modelling krill-predator dynamics

Weddell, J. 1825. A voyage towards the South pole,
performed in the years 1822-24. Longman,
Hurst, Rees, Orme, Brown and Green, London:
324 pp.

Woehler, EJ. 1995. Consumption of Southern
Ocean marine resources by penguins. In: Dann,
P, I. Norman and P. Reilly. (Eds). The Penguins:
Ecology and Management. Surrey Beatty and
Sons, Australia: 266-295.

Yablokov, A.V.,, V.A. Zemsky, Y.A. Mikhaleyv,
V.V. Tormosov and A.A. Berzin. 1998. Data on
Soviet whaling in the Antarctic in 1947-1972
(population aspects). Rus. J. Ecol., 29: 38—42.

Zenitani, R. and H. Kato. 2005. Long-term trend
of age at sexual maturity of Antarctic minke
whales by counting transition phase in ear-
plugs. Paper JA/[05/]R7 presented to the JARPA
Review Meeting called by the Government of
Japan, January 2005: 12 pp.

Zenkovich, B.A. 1962. Sea mammals as observed
by the round-the-world expedition of the
Academy of Sciences of the USSR in 1957/58.
Norsk Hvalfangst-Tidende, 51 (5): 198-210.

Zerbini, A. 2004. Status of the Southern Hemisphere
humpback whale breeding stock A: prelimi-
nary results from a Bayesian assessment. IWC
Document SC/56/SH17, 18 pp.

243



Mori and Butterworth

(v661) neanpy (2) 0s-0% - ustq
(¥861) uosiong (&) 95¥€ WA - spodoreyda)
(S66T) BIYs20 M 1 UIN - (sumSBuad £q pajeurwop) spiarg
(S00¢) O J0 9°¢ d[qe], ‘¢ 11dey) €LVC ¥9 (19323qeId “IMJ dPITENIY) S[edS
(S002) MO J0 9°¢ d[qRL, ‘¢ 1dey) €5—¢ 0¢1-9 061 (ejuru Speqdumy ‘uy ‘an|q) safeym usareq
(LL61 'smeT)
2661-1661 0661-49861 uonejo]dxa-aid
SOURIJY (seuuoy uorprur) uondwmsuod [y saadg

('y81y 003 a1e (£/61) SMeT JO sajeuInss a3 ey} 3sa33ns (g a[qe], 99s) raded

Sy} Jo sasATeue ayy jeys ajo)) ‘suondumsse urdeoms uo paseq Juraq “‘as1eod st aeuwnss 3y} — ¢ ‘sprusneydna 1DYj0 sapnour
OS[e jeWIns?d SIY} — , ‘Papraoid st ajewnss ou - dPdILIUY A} ur siojepaid sy £q [ jo uondwnsuod [enuue jo sejewnsy ] d[qeL

244



First step towards modelling krill-predator dynamics

Table 2a: Historical catches in the southern hemisphere of the baleen whale species considered in this study
(see text for details on sources).

Year Blue whale Fin whale Minke whale Humpback whale

Region A RegionP Region A RegionP Region A RegionP RegionA RegionP

1900 0 0 0 0 0 0 0 0
1901 0 0 0 0 0 0 0 0
1902 0 0 0 0 0 0 0 0
1903 0 0 0 0 0 0 0 0
1904 11 0 4 0 0 0 180 0
1905 51 0 104 4 0 0 288 23
1906 68 0 133 0 0 0 240 229
1907 106 0 163 0 0 0 1261 130
1908 237 0 295 0 0 0 2170 1248
1909 176 32 433 4 0 0 3936 1575
1910 359 28 825 7 0 0 6578 2246
1911 1235 0 2322 11 0 0 8566 1689
1912 2319 186 5118 13 0 0 8818 1320
1913 2772 2 5594 7 0 0 9 856 1446
1914 5031 96 4818 47 0 0 6256 651
1915 5536 100 5967 137 0 0 3254 177
1916 4323 64 2881 35 0 0 915 36
1917 3097 76 1676 579 0 5 73 84
1918 1978 68 2016 909 0 0 95 104
1919 1994 15 3160 528 0 0 211 181
1920 2948 54 3673 2251 0 0 283 157
1921 4443 78 1732 1044 1 0 229 21
1922 6 689 85 3036 1265 0 0 1503 135
1923 4 657 261 2509 1405 0 0 1386 107
1924 6510 456 3579 1785 0 0 1000 126
1925 5787 635 7 833 2337 0 0 1957 387
1926 6976 1689 4426 2593 0 0 1345 407
1927 7 827 2281 3 867 2220 0 0 1128 41
1928 8954 4831 5915 1841 0 0 1198 63
1929 18 267 459 10 781 2112 0 0 227 805
1930 26 637 3820 9745 1425 0 0 1159 287
1931 6613 46 3330 6 0 0 255 163
1932 18 308 148 5513 4 0 0 464 39
1933 17 307 56 7781 43 0 0 1030 59
1934 16 569 28 13110 123 0 0 3219 65
1935 17 672 198 10 210 84 0 0 5874 315
1936 14 420 174 15533 235 0 0 12 562 91
1937 15 022 97 29 195 170 0 0 13 637 125
1938 13 092 1035 19 282 2096 0 0 4 596 129
1939 11 010 508 18 520 1063 0 0 2447 87
1940 3245 1723 4398 3711 0 0 455 2508
1941 51 0 1226 0 0 0 92 86
1942 127 0 980 0 0 0 0 71
1943 349 0 1459 0 0 0 84 90
1944 1048 2 1892 61 0 0 175 88
1945 3604 42 9350 80 0 0 284 107
1946 8533 704 14 264 706 0 0 123 126
1947 5470 1498 20 083 1696 0 0 134 122
1948 6 565 1166 17105 2861 0 0 289 173
1949 3517 2723 17738 2898 1 0 5693 1508
1950 4 004 3031 15899 4264 0 0 4 858 1478
1951 3422 1725 18 643 5277 4 0 3299 1164
1952 2954 1048 19 893 4052 6 0 2039 1487
1953 2483 405 24 879 3689 12 0 1794 1156
(continued)

245



Mori and Butterworth

Table 2a (continued)

Year Blue whale Fin whale Minke whale Humpback whale
Region A RegionP Region A RegionP Region A RegionP Region A RegionP
1954 1484 1060 24 578 4269 0 0 1540 2527
1955 1018 731 20 266 7 468 36 0 2401 3767
1956 677 1038 17 420 10953 45 0 1270 1879
1957 996 773 20 405 7416 10 1 1946 2814
1958 726 524 22720 4757 9 1 3700 4354
1959 514 112 23023 2561 3 1 4279 11 564
1960 425 191 23 456 3840 2 1 3250 11 698
1961 523 231 23 085 4000 2 1 1069 6105
1962 300 57 15789 2121 8 11 1826 1932
1963 178 37 13 055 1163 114 6 515 306
1964 191 47 6979 978 58 5 91 162
1965 356 255 2 654 1277 74 7 1150 1048
1966 216 178 2418 1480 381 8 427 1240
1967 89 34 2015 864 1113 5 580 859
1968 79 16 2 385 1375 606 21 0 2
1969 37 7 2729 402 752 15 0 0
1970 20 4 3237 185 914 0 0 0
1971 15 4 2149 185 4157 4 0 3
1972 2 1 1344 478 6583 0 3 0
1973 1 0 750 591 7271 1270 1 0
1974 0 0 503 523 5280 2757 0 0
1975 0 0 22 211 5350 1835 0 0
1976 0 0 0 8 6117 2559 0 0
1977 0 0 0 2 4126 1874 0 0
1978 0 0 0 0 4954 1202 0 0
1979 0 0 0 0 5609 2288 0 0
1980 0 0 0 0 4 697 2445 0 0
1981 0 0 0 0 4 845 3058 0 0
1982 0 0 0 0 3935 3366 0 0
1983 0 0 0 1 4136 2544 0 0
1984 0 0 0 0 3504 2 064 0 0
1985 0 0 0 0 3470 2097 0 0
1986 0 0 0 0 2935 2034 0 0
1987 0 0 0 0 273 0 0 0
1988 0 0 0 0 0 236 0 0
1989 0 0 0 0 327 0 0 0
1990 0 0 0 0 0 323 0 0
1991 0 0 0 0 288 0 0 0
1992 0 0 0 0 0 327 0 0
1993 0 0 0 0 330 0 0 0
1994 0 0 0 0 0 330 0 0
1995 0 0 0 0 439 1 0 0
1996 0 0 0 0 0 440 0 0
1997 0 0 0 0 438 0 0 0
1998 0 0 0 0 0 389 0 0
1999 0 0 0 0 439 0 0 0
2000 0 0 0 0 0 440 0 0
Total 312 221 36971 613 870 112 786 83 654 33971 151 563 75172
Grand total 349 192 726 656 117 625 226 734
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Assumed historical catches of Antarctic fur
seals (see Appendix 1); all were taken in the
south Atlantic (i.e. from Region A, the
Atlantic/Indian Ocean sector). For crab-
eater seals, 750 animals are assumed to be
taken per year in Region A for 11 years
from 1967 to 1977.

Year Antarctic fur seals
1790 0
1791 11 000
1792 22000
1793 33 000
1794 44 000
1795 55 000
1796 66 000
1797 77 000
1798 88 000
1799 99 000
1800 110 000
1801 104 500
1802 99 000
1803 93 500
1804 88 000
1805 82 500
1806 77 000
1807 71 500
1808 66 000
1809 60 500
1810 55 000
1811 49 500
1812 44 000
1813 38 500
1814 33 000
1815 27 500
1816 22000
1817 16 500
1818 11 000
1819 5500
1820 0
1821 320 000
1822 284 444
1823 248 888
1824 213332
1825 177 776
1826 142 220
1827 106 664
1828 71108
1829 35552
1830 0
Total 3249984
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Table 5:

Plausible bounds for the parameters to be estimated.

Parameters to be estimated

Bounds

References/Notes

N %‘o
N fﬁgo
Ni%o
Ni%o
N {%‘o
N {%Jo
NiA

1780

f.p
Nizso

N f?lé‘o

N 5'730

Nizso
Hp
Hin
Hn
i
Hs

100 000-300 000
10 000-100 000
10 000-200 000
10 000-300 000
10 000-250 000
10 000-100 000
10 000—400 000
10 000-200 000

500 000-5 000 000
100 000-10 000 000
100 000-10 000 000
0.05-0.16
0.07-0.2
0.06-0.18
0.05-0.16
0.18-0.28
0.11-0.28
0.03-0.06
0.04-0.1
0.03-0.08
0.03-0.05
0.07-0.3
0.07-0.3
115.9-450.6
3.8-32.1
37.8-108
27.6-110.4
0.68-2.71
3.31-5.51
0.4-0.6
0.4-0.6

N

> See footnote (1)

/

> See footnote (2)

~

} Laws (1984), Boyd et al. (1995)

See footnote (2)

Laws (1984), Boyd et al. (1995), Payne (1977)
Laws (1984)

N

> See footnote (3)

J

} Mori and Butterworth (2004)
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Table 5 (continued)

@

)

®)

These bounds are included primarily to assist computations. They were guided in many cases by cumulative
catch information. Figure 8a shows that the data available to fit the population model proves informative
from most of these parameters so that the exact choices for these ranges are not of very great concern.
Parameters selected from these ranges were also required to satisfy the conditions: p, - M, 2 0.02, pu, - M, 2
0.02, u, - M, 20.02, u, - M, >0.03, p, — M, >0.03 and p_— M, > 0.03, i.e. that blue, fin and humpback whales
can attain per-capita growth rates of at least 2%, and minke whales, crabeater seals and Antarctic fur seals
can attain per-capita growth rates of at least 3% under optimal feeding conditions. These constraints are
considered reasonable given observed increase rates for some baleen whale and seal species in the Antarctic
as reported in Chapters 5 and 6 of Mori (2005).

A, is calculated as (mean weight) x (%weight consumption/day) x (days feeding in the Antarctic) x
(estimated proportion of krill in diet). The mean weight and days feeding in the Antarctic (Kasamatsu, 2000)
assumed for the whales are shown in Table 8. The range of %weight consumption/day assumed here is 0.9~
3.5% for blue whales, 1.0-4.0% for fin whales and humpback whales, and 1.9-5.1% for minke whales (Kato
and Shimadzu, 1986; Tamura, 2003). The proportion of the diet consisting of krill is assumed to be 100% for
all the whales considered here except for fin whales. For fin whales a 50% krill diet composition is assumed.
The fin whale feeding distribution in the austral summer is located appreciably further north than that for
blue, humpback and minke whales. Though euphausiids are still thought to be the primary source of food in
that area (Ohsumi, Tamura pers. comm.), these may well be from a different stock to the ‘krill” (Euphausia
superba) on which the predators, feeding closer to the ice-edge, mainly depend. The ‘50%’ assumption is a
crude approach to take account of this.

Because there is only a single estimate for %weight consumption/day for seals, which is 7% (Laws, 1984),
and because bull Antarctic fur seals reach over 0.2 tonnes in mass, compared with the normal adult cow
weight of less than 0.05 tonnes (Payne, 1977), in order to give a range for the consumption of krill by the
seals, ranges for the weights of 0.05-0.2 tonnes for Antarctic fur seals and 0.15-0.25 tonnes for crabeater seals
have been used. Days feeding in the Antarctic are 323 and 353 days for Antarctic fur seals and crabeater seals
respectively (Laws, 1984). The proportion of the diet consisting of krill is assumed to be 60 and 94% for
Antarctic fur seals and crabeater seals respectively (Dritsland, 1977).
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Table7:  95% confidence intervals for the estimated parameters for the
‘reference-case’ population model based on likelihood profiles.
All values have been rounded to three significant figures.
Lower 95% CI Estimate Higher 95% CI
NbA 143 000 162 000 226 000
1780
NbL 21200 26 900 29 800
1780
NA 16 600 47 200 198 000
1780
NP 114 000 272 000 296 000
1780
NiA 59900 71 600 72 800
1780
NP 34200 47 100 50 400
1780
NSA 134 000 152 000 169 000
1780
NP 46 700 87 000 122 000
1780
NSA 2 880 000 2900 000 3010 000
1780
NEA 120 000 241 000 1480 000
1780
N&P 191 000 734 000 5540 000
1780
2P 449 451 451
A 31.6 32.1 32.1
Al 107 108 108
2S 1.46 2.71 2.71
G 5.25 5.51 5.51
Hb 0.143 0.160 0.160
m 0.112 0.200 0.200
us 0.259 0.280 0.280
ue 0.158 0.236 0.280
M 0.030 0.030 0.038
M™ 0.041 0.044 0.092
Mh 0.044 0.080 0.080
Mmf 0.031 0.049 0.050
M 0.070 0.070 0.113
MC 0.071 0.074 0.123
A 0.400 0.400 0.524
P 0.401 0.576 0.597
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30 | Blue
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Figure 1:  Annual catches of blue, fin, sperm, humpback, sei and minke whales
caught in the southern hemisphere, corrected for former Soviet Union
misreporting (see text for details on sources).
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-

Region P

AreaVI

170~

Figure2:  Map of the IWC Management Areas (I to VI), and the two regions (Region A and Region P)
considered in the population model developed.
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Region A (IL, IIT and IV)

Region P (V, VI and I)

Blue Blue
30000 30000
25000 25000
20000 20000
15000 15000
10000 10000
5000 5000 J\/L
0 0
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990  200(
Fin Fin
30000 30000
25000 25000
20000 20000
15000 15000
10000 10000
5000 5000
0 0 —M
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990  200Q 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200
Humpback Humpback
30000 30000
25000 25000
20000 20000
15000 15000
10000 10000
5000 5000
0 0
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200! 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200
Minke Minke
30000 30000
25000 25000
20000 20000
15000 15000
10000 10000
5000 5000
0 * * 0 *
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200! 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 200

Figure 3: = Historical catches of blue, minke, humpback and fin whales for Region A (IWC Management Areas II, III

and IV) and Region P IWC Management Areas V, VI and I).
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(a)

(b

©

Figure 7:
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Estimated annual production of krill (millions of tonnes) for
Region A and Region P for (a) the ‘reference case’, (b) scenario (i)
and (c) scenario (ii).
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Region A Region P
b,A b,P
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Figure 8(a): Probability density distributions for the initial number of animals in the year 1780. The solid

lines are the model estimates (likelihood profiles used to approximate posteriors) and the
dotted lines represent the effective priors.
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Figure 8(b): Probability density distributions for annual birth and natural mortality rates. The solid lines are
the model estimates (likelihood profiles used to approximate posteriors) and the dotted lines
represent the effective priors. The p" and p/ parameters were fixed at the maximum of their

ranges (see arrows), rather than estimated.
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Figure9:  Annual per-capita natural mortality rate (M}" = M/ +n/""N}*) changes over time for the predator species
considered in this study for the ‘reference-case” model under the assumption that the density-dependent
(n) factors operate entirely on natural mortality rates for all ages, without causing any change to pregnancy
and/or calf survival rates.
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species considered in this study, as estimated for the ‘reference-case’ model (for which n = 2).



Tableau 1:

Tableau 2a:

Tableau 2b:

Tableau 3:

Tableau 4:

Tableau 5:

Tableau 6:

Tableau 7:

Tableau 8:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

First step towards modelling krill-predator dynamics

Liste des tableaux

Estimations de la consommation annuelle de krill par ses prédateurs en Antarctique. — Aucune
estimation n’est fournie ; * cette estimation compte également d’autres euphausiidés ; ? —1’estimation est
approximative, elle ne repose que sur des suppositions péremptoires. (Noter que les analyses du présent
document (voir tableau 8) laissent penser que les estimations de Laws (1977) sont trop élevées.)

Captures anciennes dans 1’hémisphére sud des espéces de baleines mysticetes faisant 1'objet de cette
étude (voir le texte pour obtenir des précisions sur la source des informations).

Captures anciennes présumées des otaries de Kerguelen (voir appendice 1) ; toutes provenaient du sud
de I’ Atlantique (a savoir de la région A, celle du secteur Atlantique/Indien de 'océan Austral). A1’égard
des phoques crabiers, il est présumé que sur les 11 années de 1967 & 1977, 750 individus ont été capturés
par année dans la région A.

Estimations de 'abondance observée/inférée des prédateurs de krill examinés dans le modele.

Estimations des tendances de ’abondance observée des prédateurs de krill examinés dans le modele.
Les tendances sont données en tant que variation proportionnelle par an, sauf dans le cas de la baleine
bleue pour laquelle les estimations successives de 1’abondance circumpolaire données sont utilisées
pour servir de base a l'inférence d’une estimation dans le processus de l'ajustement du modele de la
population (voir texte).

Limites plausibles des parametres a estimer.

Valeurs des parametres d’entrée et des parametres estimés, et autres quantités pour le modele du “cas de
référence” de la population et six scénarios de sensibilité i) a vi). Les parametres donnés entre crochets
dans la section des parameétres estimés ont été fixés et non estimés. Les contributions (LL) de diverses
especes a —InL sont également données . Pour la sensibilité vi), les bornes inférieures de I'abondance des
phoques crabiers (*) en 1780 ont été fixées a 300 000.

Intervalles de confiance a 95% des parametres estimés du modele du “cas de référence” de la population
fondé sur les profils de vraisemblance. Toutes les valeurs ont été arrondies a trois chiffres significatifs.

Comparaison de la consommation pré-exploitation du krill suggérée par Laws (1977) et des estimations
fournies par le modele du cas de référence donné dans le présent document. Dans celles-ci, les calculs
sont donnés tant pour les taux d’alimentation correspondant a la biomasse de krill estimée pour 1920
dans le modele que pour les taux d’alimentation maximaux (correspondant aux suppositions de Laws).

Liste des figures

Capture annuelle de baleines bleues, rorquals communs, cachalots, baleines a bosse, rorquals de Rudolphi
et petits rorquals dans I'hémisphere, apres correction des déclarations erronées de I’ex-Union soviétique
(voir le texte pour obtenir des précisions sur la source des informations).

Carte des zones de gestion (I a VI) de la CBI et des deux régions (A et P) examinées dans le modéle de
population créé.

Captures anciennes de baleines bleues, petits rorquals, baleines a bosse et rorquals communs dans la
région A (zones de gestion I, III et IV de la CBI) et la région P (zones de gestion V, VI et I de la CBI).

Trajectoires du modele des populations du “cas de référence” pour le krill et ses principaux prédateurs en
Antarctique. Un point/une croix noir(e) indique une estimation d’abondance fondée sur une campagne
d’évaluation pour respectivement le secteur Pacifique et le secteur Atlantique sur lequel le modéle a été
ajusté. Les triangles vides figurant dans le tracé récent de la trajectoire de la baleine bleue correspondent
aux estimations d’abondance de baleines bleues dérivées des campagnes d’évaluation des régions A et P
combinées, auxquelles le modeéle a été ajusté pour refléter la tendance d’abondance indiquée par ces
estimations.

Projections du modeéle du “cas de référence” de la population pour les trajectoires futures (jusqu’a

I’année 2500) pour le krill et ses principaux prédateurs en Antarctique, sur I'hypothese de captures nulles
de toutes les especes apres 2000.

271



Mori and Butterworth

Figure 6:
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Figure 10:

Figure 1.1:

Figure 1.2:

Tabm. 1:

Tab. 2a:

Tabm. 2b:

Tabm. 3:

Tabm. 4:

Tabm. 5:

Tabu. 6:
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Consommation annuelle de la biomasse de krill (en millions de tonnes) par les prédateurs examinés dans
le modele des régions A et P pour (a) le “cas de référence”, (b) le scénario i) pour lequel les estimations
d’abondance des petits rorquals ont doublé et (c) le scénario ii) pour lequel la capacité en krill de la
région A baisse de 50% de 1951 a 1970.

Production annuelle estimée de krill (millions de tonnes) pour les régions A et P pour (a) le “cas de
référence”, (b) le scénario i) et (c) le scénario ii).

Distributions de densité de probabilités pour le nombre initial d’individus en 1780. Les traits pleins sont
les estimations du modeéle (profils de vraisemblance utilisés pour se rapprocher des valeurs a posteriori)
et les lignes pointillées représentent les valeurs réelles a priori.

Distributions de densité de probabilités pour les taux annuels de naissance et de mortalité naturelle Les
traits pleins sont les estimations du modeéle (profils de vraisemblance utilisés pour se rapprocher des
valeurs a posteriori) et les lignes pointillées représentent les valeurs réelles a priori. Les parametres ' et @/
ont été fixés au maximum de leur intervalle (voir les fleches) plutot qu’estimés.

Changement du taux annuel de mortalité naturelle par téte (M} = M/ + n/“*NJ*) au cours du temps
pour les espéces prédatrices examinées dans cette étude pour le modele du “cas de référence”, lorsqu’il
est présumé que les facteurs dépendant de la densité () dépendent uniquement des taux de mortalité
naturelle pour tous les dges, sans causer de changement aux taux de gravidité ou de survie des

baleineaux.
W (z)
(o) +(B5)"

pour les espéces prédatrices examinées dans cette étude pour le modele du “cas de référence” (pour
lequel n = 2).

Changement du taux annuel de croissance par téte [ ~M/ -/ '”Né’“] au cours du temps

Série chronologique présumée des captures d’otaries en Géorgie du Sud.

Série chronologique présumée des captures d’otaries aux iles Shetland du Sud.

Crucok Ta0uig

OILICHKH €KETOMHOr0 MOTPEOICHUS] KPUIISl XUIIHUKAMU B AHTapKTHKE. — HE MUMEETCs OLCHKHU; * — B
JAHHYIO OLICHKY BKJIIOYAIOTCS M Ipyrue 3B(ay3uuisl; ? — MpHOIU3UTEIbHAsT OICHKA, OCHOBAHHAS
Ha MIUPOKUX JOMYIICHUIX (3aMeThTe, YTO MPOBOTUMEIN B TaHHOM JOKYMeHTe aHamu3 (cM. Tabi. 8)
TOBOPHT O TOM, 9TO otieHKH Jloy3a (Laws, 1977) cnumkom 3aBBIIIICHET).

PeTpocnekTuBHBIN 00beM TOOBIYH B FOXKHOM TOJTYIIAPUN BUJOB IMAJKUX KUTOB, PACCMATPUBACMBIX B
JTAHHOM HCCIICIOBAaHUHU (MH(POPMALIUIO 00 HCTOYHHUKAX CM. B TEKCTE).

[IpennonaraeMblii peTpOCTIEKTUBHBIN 00beM JOOBIYH FOXKHBIX MOPCKHX KOTHKOB (cM. JlomomHernue 1);
Bech 00beM monydeH B IOxHOI Arnantuke (T.e. B Paiione A, cekrop Arnantuueckoro/MHauickoro
okeaHoB). Uto kacaeTcs TroNeHeH-KkpaboeI0B, To Mpemonaraercs, 9ro B Paifone A B Teuenwue 11 ner, ¢
1967 o 1977 rr., esxeronHo m1o6sIBaoch 750 ocobeid.

OHCHKI/I Ha6n}ozlaeMoﬁ/HpeanonaraeMoﬁ YHUCJICHHOCTHU MMUTAOIUXCA Kpujiem XHUIIHHUKOB,
paccMaTpuBaCMbIX B Z[aHHOﬁ MOJCIIH.

OHCHKI/I TeH}IeHHHI’I N3MCHCHUS Ha6J’[IOI[aeMOfI YUCJICHHOCTHU MMHUTAIOIINUXCA KPUJIEM XHWIIHUKOB,
paccMaTpUBaCMBIX B JAHHOM MOJICITN . DTH T€HICHIIMH [TPE/ICTABICHBI KAK ©KETOHOE ITPOIOPIIHOHAIEHOE
HU3MCHEHHE, 32 HCKIIOYCHHUEM CHHHUX KHTOB, B CIIy4ae KOTOPBIX MPHUBEICHHbBIC MOCIEI0BATEIbHBIC
OLICHKHN HHpKyMHOJ’[HpHOﬁ YUCJIICHHOCTHU HCIOJIB3YIOTCSA B Ka4€CTBEC OCHOBBLI ITOJTYUYCHHSA OIICHKH B
mporecce moadopa MONYIAIUOHHON MOETH (CM. TEKCT).

Bo3MorkHBIE TPaHUIIBI MOAJIEKANINX OIIEHKE MapaMeTPOB.
3Ha4yeHUs BBOJUMBIX M PACCUHUTAHHBIX MHapaMEeTpOB M JAPYrMe BEIMUYUHBI U1 «KOHTPOJIBHOI»

MOMYJSIIMOHHON MOZAENH ¥ IIECTH CIICHApHeB 4YyBCTBUTENbHOCTH oT (i) mo (vi). MHbopmammio o
CIIEHApUSIX YyBCTBUTEILHOCTH CM. B TekcTe. [IpuBeieHHbIE B KBaPaTHBIX CKOOKaxX Mapamerphl MO



Tabi. 7:

Tab. 8:
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Puc.
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Puc.
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3aroyioBkoM «PaccunTaHHble MapaMeTpb» OBUIM YCTaHOBJICHBI, @ HE PAacCUMTAHBI. TakKe MOKa3aH
BKJa] (LL) pa3muaHBIX BUAOB B —InL. B ciydyae 9yBCTBUTENBHOCTH (Vi) HIDKHHE TPAaHUIIBI YHCIEHHOCTH
Troneneii-kpadoenos B 1780 1. (*) mpupasuens! k 300 000.

95% moBepuUTENbHBIC MHTEPBAIBl PACCUNTAHHBIX MApaMETPOB IS «KOHTPOIHHOI» MOMYIAIIHOHHON
MOJICITH Ha OCHOBE Mpoduiieii mpapaomnonoous. Bee 3HaueHUs OKPYIVICHBI 10 TPEX 3HaYAIIuX udp.

Cpasuenune npemioxkenHoro Jloyzom (Laws, 1977) npenskciuryaTtalimOHHOTO TOTPEOIeHUST KPS |
OLICHOK, MOJydIEHHBIX MO MPUBEJCHHON B JaHHOM JJOKYMEHTE «KOHTPOJIbHOI» MOAENHU. 3aMEThTE, ITO
B Cllydyae IOCJIEJHEr0 MPHUBOISITCS pacueThl MHTEHCUBHOCTH NMUTaHMs, COOTBETCTBYIOIIEH OHMomacce
KpWIIA, ONpeneNeHHo mo moxenu i 1920 T. m MakCHManbHOW WHTEHCUBHOCTH NMUTAHUA (COTIIACHO
nonyuieHusim Jloysa).

CHHcoK pUCYHKOB

EsxeronHast mo0blYa CHHHX KHTOB, (DHHBAJIOB, KaIllajJOTOB, rOpOaThIX KHTOB, CCHBAJIIOB M MaJbIX
MOJIOCATHKOB B FKHOM ITONYIIApUH, HETOYHBIC CBEACHUS, NpeACTaBIcHHBIC OBBIOIIIM COBETCKAM
Cotro3oM, ucnpanieHbl (HHPOPMAIIHIO 00 HCTOYHUKAX CM. B TEKCTE).

Kapra paiionos ynpasienust MKK (I-VI) u aByx paiionos (Paiion A u Paiion P), paccMarpuBaeMbIx B
pa3paboTaHHOI MOMYISAIIMOHHON MOJISINH.

PerpocniexTruBHas J00bIYa CHHUX KUTOB, MAJIBIX ITOJIOCATUKOB, FTOPOATHIX KUTOB U (pHHBaNOB B Paiione A
(Paitons! yrpasienns MKK 11, IIT u IV) u B Paiione P (Paitons ynpasnenus MKK 'V, VI u I).

TpaekTopun KpUisl U €r0 OCHOBHBIX XUIIIHUKOB B AHTApPKTHKE IO «KOHTPOJIBHONY» MOMYIAIIMOHHON
Mozenu. YepHOH TOUKOM M KPECTOM IOKa3aHbl ChbEMOYHBIE OLEHKH YUCIEHHOCTH COOTBETCTBEHHO
i1 THXOOKEaHCKOTO M ATIaHTHUYECKOTO CEKTOpPOB, Ui KOTOPBIX ObLIa MojoOpaHa 3Ta MOAETb.
HesakparieHHble TpeyroJbHUKN Ha rpaduKe HeITaBHUX TPACKTOPHH AJISl CHHUX KHTOB — 9TO CyMMapHbIe
CHEMOYHBIC OLICHKHM YHCICHHOCTH CHHHMX KUTOB B Paifomax A um P, x kotopeiM Obuta momoOpaHa
MOJIeJIb, OTpaKarolas TeHJACHIUN U3MEHEHUs] YUCIIEHHOCTH, IIOKa3aHHbIEe STUMH oLeHKamMu. OueHKu
YUCIEHHOCTH KHTOB U TIOJIEHEN JAl0TCs, KaK yKa3aHo, a KU — B MMJUIMOHAX TOHH.

IIporuo3upyemMbie «KOHTPOIBHO MOMYJISIIHOHHON MOJIEIIBbIO OyayIIHe TpaeKTopuH (BIU1oTh 10 2500 T.)
JUTSL KPHUJISL M €r0 OCHOBHBIX XUIIHUKOB B AHTapKTHKE MPH JOMYIICHUH HYJICBOTO BBUIOBA BCEX BHJIOB
nocie 2000 r.

Exxeronmnoe morpebnenne Owomacchl Kpwisi (MIH. T) XHWIIHMKaMH, PaccMarpH-BaeMoOe B IaHHOH
mozenu st Paitona A u Paiiona P no (a) «koHTposibHOMY clieHapHio», (b) cuenapuio (i), B KOTOpOM
CYIIECTBYIOILIHE OLIEHKH YMCICHHOCTH MaJbIX MOJOCATUKOB YBOEHHI U (¢) cueHapuio (ii), B KOTOPOM
HepeHoCHMBIi 00beM Kpuiist B Paifone A cokpamaercst Ha 50% 3a nepuon 1951-1970 rr.

OreHOuHas eXeroHas NPOAYKTUBHOCTh Kpuiis (MIIH. T) B Palione A u Paitone P o (a) «xoHTpoIsHOMY
CIIeHapHIoy, (b) cueHaputo (i) u (¢) cueHapwuto (ii).

Pacmipenenenusi MIOTHOCTEW BEPOSTHOCTEH M HMCXOAHOTO KOJIMYECTBAa J>KMBOTHBIX B 1780 T
CIDIOIIHBIMA JIMHASMHU TIOKa3aHBI MOJENBbHBIC OLEHKU (TpouiM MpaBIOMOqO0Us HCIIONB3YIOTCS
JUISL anmpOKCUMAITMH  arlOCTePUOPHBIX paclpeieNeHuii), a MYHKTUPOM — peajbHble alpHOpHbIE
pacrnpeneneHus.

Pacnipenenennss TUIOTHOCTEH BEpOSTHOCTEH Ui TOMNOBBIX KOI((HUIMEHTOB pPOXIAEMOCTH U
ecTecTBeHHOH cMepTHOCTH. CIUIOIIHBIMY JIMHUSIMHA TOKa3aHbl MOJIENIBHBIE OLIEHKH (TIpOoQuiIH
MIPaBIONOAOOHS HCIIONB3YIOTCS ISl alIPOKCHMAIINH allOCTEPHOPHBIX PACIIPEHETICHNN), a ITyHKTHPOM
— peasibHble anpHOpHble pachpeneienus. [lapamerpsl W' u W 3aguKkcHpoBaHbl Ha MaKCHMaTbHOM
YpOBHE JHaria30Ha 3HAYCHUN (CM. CTPEIIKHU), a He OLICHEHEI.

[ToBpeMeHHbIe M3MeHeHHs KOI(GHIMEHTA €XKEroJHOW eCTECTBEHHOW CMEPTHOCTH B pacyere Ha
0co0b (A?If,'“ =M +0/'N {;”) JUI pacCMaTPUBAEMbIX B JTAHHOM HCCIIEIOBAHWU BHJOB XHIIHHKOB IO
«KOHTPOJILHOID MOJIENH HPH JOMYIIEHHH, YTO 3aBUCALINE OT INIOTHOCTH (hakTopsI (1) IPUMEHSFOTCSI
MCKITIOUUTENBEHO K KO3((HUIMEHTaM eCTECTBEHHOH CMEPTHOCTH JUISi BCEX BO3PACTOB, HE BBI3bIBAS
M3MEeHEeHnH B k03 uitnerTax 6epeMeHHOCTH/ WA BEDKUBACMOCTH JETCHBIIICH.
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IToBpemenHbIC M3MEHEHUS ko3 durrenra €KETOIHOT0 pocra B pacuerte Ha
. n
a
W (By)
n n
(Bv") +(B7)
XHUITHAKOB TI0 OIEHKE ISl KKOHTPOJIEHOW» Moaenu (Tae n = 2).

— M/ — AN
0co0p [ M =n""Ny"| nns paccMarpuBaeMBIX B J4HHOM HCCICIOBAHHH BHIOB

[IpennonaraeMelii BpeMEHHOHN psi] TaHHBIX 1O JOOBIYE MOPCKHUX KOTUKOB, FOxHas [eoprus.

[Ipenmnonaraemblii BpeMEHHOW psi/i NTaHHBIX MO J10OBIYE€ MOPCKHMX KOTHKOB, FO>xHbIe llleTnannckue o-
Ba.

Lista de las tablas

Estimaciones del consumo anual de kril por sus depredadores en la Antartida. - no se proporciona una
estimacién; * — este valor también incluye otros eufausidos; ? — la estimacién es muy aproximada, y
se basa en suposiciones muy generalizadas. Noétese que los andlisis de este trabajo (véase la tabla 8)
sugieren que las estimaciones de Laws (1977) son demasiado altas.

Capturas histdricas en el hemisferio sur de las especies de ballenas de barba consideradas en este estudio
(véase el detalle de las fuentes en el texto).

Capturas histéricas supuestas de lobos finos antarticos (véase el apéndice 1); todas provienen del Atlantico
sur (esto es, de la regién A, el sector del Océano Atlantico/Indico. Para las focas cangrejeras, se supone
que 750 animales fueron cazados por afio en la regiéon A durante 11 afios, desde 1967 hasta 1977.

Estimaciones de la abundancia observada/inferida de los depredadores de kril considerados en el
modelo.

Estimaciones de las tendencias de la abundancia observada de los depredadores de kril considerados
en el modelo. Las tendencias se muestran como un cambio proporcional por afio, excepto en el caso de
las ballenas azules, en cuyo caso las estimaciones sucesivas de la abundancia circumpolar listadas son
utilizadas como base para inferir una estimacién en el proceso de ajuste del modelo demografico (véase
el texto).

Limites verosimiles de los valores de los parametros a ser calculados.

Valores de los parametros de entrada y de los parametros estimados y otras cantidades para el modelo
demografico del “caso de referencia” y seis condiciones de sensibilidad, (i) a (vi), cuyos detalles
pueden verse en el texto. Los pardmetros bajo el encabezamiento ‘pardmetro estimado’, que figuran
entre paréntesis cuadrado, fueron fijados en vez de estimados. También se muestran las contribuciones
(LL) de distintas especies a —InL. Para la sensibilidad (vi), la menor abundancia de focas cangrejeras
correspondiente a la del afo 1780 (*) se fij6 en 300 000.

Intervalos de confianza del 95% de los pardmetros estimados para el modelo demografico del “caso de
referencia”, basados en perfiles de verosimilitud. Todos los valores han sido redondeados a tres digitos
significativos.

Comparacién del consumo de kril previo a su explotaciéon propuesto por Laws (1977) y las estimaciones
proporcionadas por el modelo del “caso de referencia” presentado en este trabajo. Nétese que en este
altimo caso se muestran los calculos tanto para las tasas de alimentacién correspondientes a la biomasa
de kril estimada por el modelo para 1920, como para las tasas de alimentacién méaximas (correspondientes
a las suposiciones de Laws).

Lista de las figuras
Capturas anuales de ballena azul, ballena de aleta, cachalote, ballena jorobada, rorcual nortefio y rorcual
aliblanco en el hemisferio sur, con correcciones de los errores en las notificaciones de la ex Unién Soviética

(el texto describe en detalle las fuentes de los datos).

Mapa delas areas de ordenacién delaIWC (Iala VI), ylas dos regiones (Regién A y Regién P) consideradas
en el modelo demogréfico elaborado.



Figura 3:

Figura 4:
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Figura 7:

Figura 8(a):

Figura 8(b):

Figura 9:

Figura 10:

Figura 1.1:

Figura 1.2:
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Capturas histéricas de ballena azul, rorcual aliblanco, ballena jorobada y ballena de aleta en la Regién A
(Areas de ordenacién II, III y IV de la IWC) y Regién P (Areas de ordenacién V, VIy I de la IWC).

Trayectorias delmodelo demografico parael “caso dereferencia” del kril y sus depredadores principalesen
la Antértida. Un punto/cruz negros muestran estimaciones de la abundancia derivadas de prospecciones
para los sectores de los Océanos Pacifico y Atlantico respectivamente, a las que fue ajustado el modelo.
Los tridngulos claros mostrados en el grafico de la trayectoria reciente de la ballena azul corresponden
a las estimaciones de la abundancia de esta especie de las prospecciones efectuadas en las Regiones A
y P combinadas, a las cuales se ajust6 el modelo para reflejar la tendencia de la abundancia indicada por
estas estimaciones. Las estimaciones del niimero de ballenas y pinnipedos son como se indican, y las de
kril en millones de toneladas.

Proyecciones del modelo demogréfico para el “caso de referencia” para las futuras trayectorias (hasta
el afio 2500) del kril y sus depredadores principales en la Antartida suponiendo una captura cero para
todas las especies después del afio 2000.

Consumo anual de biomasa de kril (en millones de toneladas) por los depredadores considerados en el
modelo para la Region A y la Region P para (a) el “caso de referencia”, (b) sensibilidad (i) para la cual
se duplican las estimaciones de la abundancia del rorcual aliblanco, y (c) sensibilidad (ii) donde la carga
cinegética del kril en la Regioén A disminuye en un 50% de 1951 a 1970.

Estimacién de la produccién anual de kril (en millones de toneladas) para la Regién A y la Regién P para
(a) el “caso de referencia”, (b) sensibilidad (i) y (c) sensibilidad (ii).

Distribucién de probabilidades de densidad para el niimero inicial de animales en el afio 1780. Las lineas
gruesas representan las estimaciones del modelo (perfiles de verosimilitud utilizados para aproximar las
distribuciones posteriores) y las lineas punteadas representan los priores efectivos.

Distribucién de probabilidades de densidad para las tasas anuales de nacimiento y de mortalidad
natural. Las lineas gruesas representan las estimaciones del modelo (perfiles de verosimilitud utilizados
para aproximar las distribuciones posteriores) y las lineas punteadas representan los priores efectivos.
Los pardmetros p y 1/ fueron fijados en el méximo valor de su rango (ver flechas), en vez de ser
estimados.

Cambios en la tasa de mortalidad natural anual per-capita (Ml{"" =M +v/ ‘”Ni;'“) en el tiempo para
las especies de depredadores consideradas en este estudio para el modelo del “caso de referencia”
bajo la suposiciéon de que los factores dependientes de la densidad (n) afectan solamente las tasas de
mortalidad natural de todas las clases de edad, sin producir ningtin cambio en las tasas de prefiez y/o
de supervivencia de las crias.
i B? "
W (8)
n

(B°)" ()
especies de depredadores consideradas en este estudio, para el modelo del “caso de referencia” (para el
cual n =2).

Cambios en la tasa de crecimiento anual per-capita [ -M/ - nj N ;’”] en el tiempo para las

Series cronoldgicas supuestas para las capturas de lobo fino antartico en las Islas Georgia del Sur.

Series cronoldgicas supuestas para las capturas de lobo fino antartico en las Islas Shetland del Sur.

275



Mori and Butterworth

APPENDIX 1
DETAILS OF THE APPROACH USED TO DEVELOP A PLAUSIBLE
ANTARCTIC FUR SEAL CATCH HISTORY
Antarctic fur seal catch trends around South Georgia

The following four pieces of information (McCann and Doidge, 1987) available regarding the Antarctic fur seal catch
for South Georgia were used to construct a sequence of the catches by year:

(i) The first known trip to South Georgia was made between 1790 and 1792.

(ii) 1.2 million fur seals had been taken at South Georgia by 1822.

(iif) The Antarctic fur seal catch peaked in 1800 when 112 000 skins were taken.

(iv) By 1820, Antarctic fur seals had been virtually rendered extinct at South Georgia.

Assumed catch trend

The assumed catch trend for Antarctic fur seals for South Georgia is shown in Figure 1.1. For simplicity, the two linear
functions shown below were used:

C, = 11000 - (y - 1790) for 1790 < y < 1800 (1.1)
C, = 110000 - 5500 - (y - 1800) for 1801 <y < 1820. (1.2)
where C, is the catch of Antarctic fur seals for South Georgia for year y.
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Figure 1.1:  Assumed time series of fur seal catches for South Georgia.

Antarctic fur seal catch trends around the South Shetland Islands

Similarly, the following three pieces of information (McCann and Doidge, 1987) available regarding Antarctic fur seal
catch for the South Shetland Islands were used to construct a sequence of the catches by year.

(i) The first known trip to the South Shetland Islands was made in 1819.
(i) In 1821, 320 000 skins were taken.
(iif) By 1830, the population had been virtually exterminated.

Assumed catch trend

The assumed catch trend for Antarctic fur seals for the South Shetland Islands is shown in Figure 1.2. For simplicity, a
linear trend was again assumed.

C, = 320000 — 35556 - (y — 1821) for 1821 <y <1829 (1.3)
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Figure 1.2:  Assumed time series of fur seal catches for the South Shetland Islands.
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